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ABSTRACT 
 
Modern power distribution systems (MPDS) are migrating from a passive, non-
supervised structure to an active, supervised structure due to the integration of distributed 
generators, distributed metering and monitoring devices, new types of loads, such as electrical 
vehicles and modern electronic appliances, and energy storage devices. Such changes are not 
limited to the utility system (e.g., extensive network monitoring), but are also extended to 
customer devices (e.g., modern power electronic based appliances, photovoltaic generators, 
electric vehicles). In spite of many technical (e.g., loss reduction, energy efficiency 
improvement) and environmental (e.g., reduction on air pollution) advantages, these 
developments may potentially create a number of new adverse power quality (PQ) impacts on 
distribution systems. This scenario has attracted the attention of distribution utilities around 
the world, especially due to the lack of information on how to evaluate and manage these new 
PQ concerns. In such context, the main goal of this PhD thesis is to investigate in detail two 
new PQ concerns: the impact of excessive neutral-to-earth voltage rise at customer service 
panel and of high frequency waveform distortions on distribution systems. 
A passive, measurement-based, method for determining the contributors to a 
customer’s neutral-to-earth voltage (the main cause of stray voltage incidents) has been 
developed. The proposed method has three main advantages over existing methods. First, the 
test can be performed without switching off any load and, therefore, without causing 
inconvenience to the customer. Second, the obtained results can be employed to monitor the 
grounding conditions of the system involved, such as broken neutral and poor customer 
grounding. Third, the method does not require measuring neutral voltages and, therefore, the 
difficult task of establishing a voltage reference point is eliminated. 
Regarding the high frequency distortions (HFD), analytical studies, computer 
simulations, lab experiments and field measurements have been conducted to provide the 
scientific community and distribution utilities with a comprehensive understanding of the 
behavior of high frequency waveform distortions and of their propagation characteristics into 
the utility grid. Furthermore, an equivalent circuit model is proposed, validated, and 
subsequently employed to analyze some of the phenomena associated with HFD propagation. 
These studies associated with high frequency waveform distortions are conducted mainly with 
HFD emitted by inverters found in photovoltaic generators. 
 
Keywords: High frequency distortions; Modern distribution systems; Neutral-to-earth 
voltage; Power quality. 
  
RESUMO 
 
Os sistemas modernos de distribuição de energia elétrica (SMDEE) estão migrando de 
uma estrutura passiva, não supervisionada para uma estrutura ativa e supervisionada devido à 
integração de geradores distribuídos, dispositivos de medição e monitoramento distribuídos, 
novas classes de cargas tais como veículos elétricos e eletrodomésticos modernos baseados 
em eletrônica de potência, e dispositivos de armazenamento de energia. Estas mudanças não 
estão restritas ao sistema da concessionária (e.g., monitoramento extensivo da rede), mas se 
estendem também aos dispositivos utilizados pelo consumidor final (e.g., eletrodomésticos 
modernos baseados em eletrônica de potência, geradores fotovoltaicos, veículos elétricos). 
Apesar das diversas vantagens técnicas (e.g., redução das perdas, melhoria da eficiência 
energética) e ambientais (e.g., redução da poluição atmosférica), estes desenvolvimentos têm 
o potencial de criar vários novos impactos na qualidade de energia elétrica (QEE) dos 
sistemas de distribuição. Este cenário tem atraído atenção das concessionárias de distribuição 
ao redor do mundo, especialmente devido à falta de informação de como avaliar e gerenciar 
estes novos impactos na QEE. Neste contexto, o principal objetivo desta tese de doutorado é 
investigar de forma detalhada dois novos impactos na QEE: o impacto do aumento excessivo 
da tensão neutro-terra no painel de entrada do consumidor e das distorções de alta frequência 
no sistema de distribuição. 
Um método passivo, baseado em medições, é desenvolvido para determinar os fatores 
que contribuem para o aumento da tensão neutro-terra do consumidor (a maior causa de 
incidentes relativos a stray voltage). O método proposto apresenta três vantagens principais 
em relação a métodos existentes. Primeira, o teste pode ser realizado sem a necessidade de 
manipular (chavear) nenhuma carga e, portanto, sem causar nenhum inconveniente ao 
consumidor. Segunda, os resultados obtidos podem ser empregados para monitorar a 
qualidade do sistema de aterramento envolvido, tais como neutro interrompido e aterramento 
de má qualidade no consumidor. Terceira, o método dispensa a necessidade de medir as 
tensões de neutro e, portanto, é possível eliminar a difícil tarefa de estabelecer um ponto de 
referência para a tensão. 
Com relação às distorções de alta frequência (DAF), foram conduzidos estudos 
analíticos, simulações computacionais, experimentos em laboratório e medições em campo a 
fim de fornecer, para a comunidade científica e para as concessionárias de distribuição, um 
entendimento detalhado do comportamento das distorções de alta frequência e de sua 
propagação pela rede da concessionária. Adicionalmente, um circuito equivalente capaz de 
modelar as DAF é proposto, validado e empregado para analisar alguns fenômenos 
relacionados à propagação das DAF. Estes estudos referentes às distorções de alta frequência 
são realizados considerando-se principalmente DAF produzidas por inversores presentes em 
geradores fotovoltaicos. 
 
Palavras-chave: Distorções de alta frequência; Sistemas de distribuição modernos; Tensão 
neutro-terra; Qualidade de energia. 
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1 INTRODUCTION 
Electric power systems have undergone deep structural changes with the development 
of the smart grids. Such changes have affected generation, transmission and distribution 
systems, with major impact on the latter due to the growing number of demand side 
innovations, giving origin to the so-called Modern Power Distribution System (MPDS). The 
most important characteristics of MPDS are: 
 High penetration of renewable distributed generation on primary and secondary 
systems. Supported by government incentives and environmental concerns, the 
number of distributed generators supplied by renewable and intermittent primary 
sources has increased over the past few years. In the case of secondary (or low voltage 
– LV) systems, most of the investments are directed to photovoltaic (PV) energy 
source, whose installed capacity worldwide has exceeded 75 GW (there was a 50% 
growth in the installed capacity from 2015 to 2016) [1]; 
 Increased adoption of electric vehicles. In recent years, the need to reduce air pollution 
and reliance on oil has resulted in increased reception of electric vehicles (EV) [2]-[4]. 
Among them, pure battery electric vehicles (BEV) and plug-in hybrid vehicles 
(PHEV), which can be charged from an external source (at residences or at charging 
stations), are becoming a new type of load in distribution systems; 
 Widely dispersed use of power electronic based home appliances [5]-[7]. Most of 
modern home appliances have internal power electronic converters to achieve lower 
power consumption and smooth device operation. Induction cookers, compact 
fluorescent lamps, LED lamps, LCD/LED TVs and adjustable speed drive-based 
fridges, washers, dryers and air conditioners are some examples of appliances driven 
by power electronic circuits. These circuits may potentially increase the level of 
characteristic and non-characteristic harmonics in a distribution system; 
 Monitoring and data acquisition framework. Over the past few years, financial 
incentives have been devoted towards the development of an Advanced Metering 
Infrastructure (AMI). It consists in incorporating several interconnected sensors into 
the distribution system through an advanced communication and data acquisition 
framework, including the so-called smart meters. Such infrastructure will provide 
utilities with precise and real-time information, enabling the preventive operation of a 
network rather than its corrective operation; 
19 
 
 Active customer participation in network operation [8]-[10]. An important application 
of network monitoring is to determine the energy usage of individual home appliances 
based on the power measured at the service entrance point. The customer can combine 
such information with time-of-use energy tariffs to actively shape its power demand 
curve and obtain significant savings on the monthly electricity bill. For example, the 
customer may voluntarily shift specific home activities (such as laundry, which 
includes the operation cycle of washer and dryer) to a lower tariff period of the day. 
It is evident that, under such changing, dynamic scenario, new power quality issues 
and demands may emerge. In fact, a number of new power quality (PQ) concerns have 
already been identified, in addition to the already existing problems. Some of these concerns 
are presented and briefly discussed in the following paragraphs: 
 Risk of stray voltage related incidents. In recent years, complaints of stray voltage 
problems involving humans have become more frequent [11], [12], partially due to 
increased awareness of the problem and the use of various new loads by customers. 
Utility companies and some of their customer groups have become increasingly 
interested in tools that can help to troubleshoot stray voltage problems. A stray voltage 
incident can arise from unbalanced device connections (such as plug-in electric 
vehicles and PV inverters); excessive neutral current in the primary feeder; high 
resistance in neutral conductor; poor grounding at the primary feeder etc. [13]-[15]. 
Due to the existence of many sources of stray voltage incidents, one of the most 
important utility challenges is to determine whether it is caused by customer loads or 
by factors external to the customer facility; 
 High frequency waveform distortions (HFD). Many modern power electronic based 
appliances, electric vehicles and photovoltaic inverters have internal PWM-based 
switching converters. These converters may produce HFD at the switching frequency 
(around tens of kHz) and its multiples. In turn, the increased dispersion of HFD 
components may eventually decrease the service lifetime of network components, 
cause loss of information on power line communication (which usually takes place in 
the range of 3 to 95 kHz) [16] etc. Although problems related to HFD emission have 
already been identified in Europe [17], there is still a need for general understanding 
and standards in the frequency range between 3 to 150 kHz, i.e., a comprehensive 
characterization of the phenomenon, its impacts on neighboring equipment and 
propagation/attenuation into the network is still not available; 
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 Voltage variation (and flicker). Excessive voltage variations may occur due to the 
dispersed installation of PV generators, since fast variations of solar irradiance level 
(caused by cloud movements) may lead to large steps on the PV output power. If a 
high number of such generators is connected to the grid, the combined effect of output 
power steps may adversely affect the operation of network equipment; 
 Harmonic resonance. Although resonance is a traditional problem in power systems, 
the widespread deployment of power electronic based loads may create new 
challenges to its mitigation. This may happen due to the dispersed connections of 
filters over the network (usually embedded on power electronic based devices to 
mitigate part of their harmonic emissions). Therefore, it is essential to investigate and 
characterize the pattern of harmonic resonances on MPDS and, eventually, determine 
appropriate mitigation techniques. 
Most of the above issues have already been reported by several distribution utilities in 
North America and in Europe. They may also become a problem in Brazil in the near future 
due the modernization of the Brazilian distribution system, for example, with publication of 
resolutions #482/2012 (incentives to dispersed distributed generation), #502/2012 (smart 
meters regulation), technical note #1/2013 (time-of-use electricity tariffs regulation) etc. In 
such context, the main goal of this thesis is to investigate new power quality issues faced by 
utilities and customers on modern power distribution systems. More specifically, two modern 
power quality problems are addressed. The first problem, studied at the fundamental 
frequency, is the increased risk of stray voltage related incidents that has been faced in the 
modern secondary systems. The second problem is the emission of high frequency waveform 
distortions, which is a new type of disturbance produced by modern power electronic based 
devices.  
1.1 Thesis Objectives 
Two main power quality problems are addressed in this thesis. The objectives of the 
research conducted to investigate each of these problems are summarized below: 
Stray voltage source detection 
 Describe the mechanism of neutral-to-earth voltage (NEV) rise, which is the main 
cause of stray voltage related incidents. Factors and circuit parameters that affect the 
NEV are investigated in detail. This is essential to accomplish the next objective; 
 Develop a passive, measurement-based method to decouple the two contributors to 
NEV rise at the service entrance point of the customer. These contributors are those 
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related to the customer under investigation (customer contribution) and those outside 
the customer facility (external contribution); 
 Verify the effectiveness and applicability of the proposed method by means of field 
measurements and extensive simulations studies; 
 Develop a simplified troubleshooting strategy to apply the NEV source detection 
method proposed in this thesis. 
 
Characterization of high frequency waveform distortions (HFD) 
 Characterize the mechanism through which high frequency waveform distortions are 
produced in devices with front-end power electronic converters. Special attention is 
devoted to photovoltaic (PV) inverters, which employ pulse-width modulation (PWM) 
schemes to operate the switches of the front-end inverter bridge at frequencies in the 
order of kHz; 
 Characterize the propagation of HFD produced by a PV generator at three different 
levels: (a) device level, which consists in characterizing how HFD propagate among 
typical home appliances connected close to an HFD source, (b) house level, which 
consists in identifying the propagation characteristics of HFD from the house to the 
distribution system (monitored at the house service panel), and (c) system level, which 
consists in characterizing the propagation of HFD from the service panel of a house to 
the primary distribution system; 
 Develop a simplified circuit model to represent the behavior of high frequency 
distortion emissions. With this circuit model, one can understand more easily how 
HFD propagate through the distribution system (i.e., analyze HFD propagation at 
system level). 
1.2 Thesis Organization 
In this thesis, Chapters 2 and 3 address the stray voltage source detection problem, 
whereas Chapters 4 and 5 address the HFD characterization problem. Further details about 
each chapter are provided as follows: 
 Chapter 2 presents a passive measurement-based method to determine the causes of 
neutral-to-earth voltage (NEV) rise in residential customers. First, the mechanism of 
NEV rise is described and a network model is provided for its analysis. Then, the 
current return ratio concept is established to decouple NEV contributors; 
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 Chapter 3 presents a set of verification studies to determine the effectiveness of the 
proposed NEV source decoupling method. Sensitivity studies are also performed to 
identify the main factors affecting the NEV contributions, as well as the current return 
ratio. Based on these results, a final NEV troubleshooting and monitoring strategy is 
proposed; 
 Chapter 4 presents a comprehensive characterization of high frequency waveform 
distortions (HFD). Analytical studies, computer simulations, laboratory experiments 
and field measurements are presented to determine the emission and propagation 
characteristics of HFD within a residence; 
 Chapter 5 develops a circuit model to represent HFD emissions and employs this 
model to study the propagation characteristics of HFD into primary distribution 
networks; 
 Chapter 6 summarizes the main conclusions and presents suggestions for future work 
in this research area. 
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2 METHOD FOR IDENTIFYING STRAY VOLTAGE SOURCES 
Most electrical systems are connected to earth for the sake of safety. Electrical 
currents flowing through these systems have the potential to create voltages on all nearby 
conductive surfaces, and conductive pathways located between the system and earth. These 
voltages can cause incidents, since they are frequently accessible to humans and animals. The 
most common types of incidents associated with publicly and privately accessible voltages are 
due to contact voltage and stray voltage. The definitions of contact voltage and stray voltage, 
according to the IEEE Std. 1695
TM
-2016 (IEEE Guide to Understanding, Diagnosing and 
Mitigating Stray and Contact Voltage) [18], are: 
 Contact Voltage: A voltage resulting from electrical faults, which may be present 
between two conductive surfaces that can be simultaneously contacted by members of 
the general public or animals. Contact voltage can exist at levels that may be 
hazardous; 
 Stray Voltage: A voltage resulting from the normal delivery or use of electricity 
which may be present between two conductive surfaces that can be simultaneously 
contacted by members of the general public or their animals. Stray voltage is not 
related to electrical faults. 
This research is focused only on the stray voltage subject. 
2.1 Stray Voltage: An Overview 
This section presents a brief introduction on the stray voltage issue. The main causes 
of stray voltage are described, along with the main existing practices of stray voltage 
monitoring. 
2.1.1 Main Causes of Stray Voltage 
Stray voltage has always been a concern to utility companies and customers, 
especially due to its adverse impacts in farm livestock. The physiological characteristics of 
animals typically make them more prone to stray voltage related issues than humans. For the 
sake of comparison, human and animal (dairy cows) electrical sensitivity is illustrated in 
Table 2.1 and in Table 2.2, respectively. A contact resistance of 1000 Ω is typically adopted 
for human body, while a contact resistance of 500-1000 Ω is typically adopted for dairy cows 
[19], [20]. Stray voltage studies have also been carried out on animals such as cows, pigs, 
sheep, and poultry [11], [19], [21]-[23]. 
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Table 2.1: Effects of 60 Hz electrical currents on humans [24]. 
Effect Men (mA) Women (mA) 
Slight tingling. Perception threshold 1.1 0.7 
Painful shock. Painful but muscular 
control not lost 
9.0 6.0 
Painful shock. Let-go threshold 16.0 10.5 
Muscular contractions, breathing 
difficult 
23.0 15.0 
Possible ventricular fibrillation for 
shocks with duration ≤ 0.03 sec 
1000 1000 
Possible ventricular fibrillation for 
shocks with duration ≤ 3.0 sec 
100 100 
 
Table 2.2: Effects of 60 Hz electrical currents on dairy cows [19]. 
Effect Cattle Group Current (mA) 
Mild behavioral 
response 
Most sensitive cows 2.0 
50% of cows 5.0 
Least sensitive cows 8.0 
Discomfort behavioral 
response 
Most sensitive cows 3.0 
50% of cows 6.5 
Least sensitive cows 12.0 
 
In recent years, the number of stray voltage related incidents that are reported has 
increased [11], [12], partially due to increased awareness of the problem and the use of 
various new loads by customers. Common stray voltage related incidents include tingling 
sensations felt when showering, when entering a swimming pool or when touching system 
poles. The causes of these problems include, among others, corroded neutral wires or 
grounding electrodes. 
To troubleshoot the stray voltage issue, it is first necessary to determine its causes. 
According to [18], [25], the main cause is the voltage that develops between the neutral 
conductor and the ground reference of a primary or secondary system, i.e., the neutral-to-earth 
voltage rise (NEV). Neutral grounding points, which are generally established along primary 
and secondary systems and on service transformers, are necessary to preserve the NEV below 
harmful levels [26]. However, the return current from the primary and secondary systems 
flow through the neutral network and then to the ground, causing the neutral potential rise. 
The NEV may rise due to a variety of reasons, including load unbalance in the primary and 
secondary systems, poor grounding in the primary feeder and at the customer service panel, 
high value of the neutral conductor resistance etc. [13]-[15]. 
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Due to the existence of many sources of NEV, it is important to determine first 
whether a high NEV situation is caused by customer loads or by factors external to the 
customer facility. This information will be very helpful to formulating proper troubleshooting 
strategies and establishing responsibilities for the parties involved. However, the lack of 
suitable methods for such studies has been the main obstacle in this area of research. 
2.1.2 Practices for Stray Voltage Monitoring 
Many jurisdictions in the United States and Canada (Idaho, Michigan, New York, 
Ontario, Pennsylvania, Wisconsin) have been practicing stray voltage investigation protocols, 
which also propose some mitigation techniques for both external and customer contributions 
to NEV [19], [27]-[31]. Such protocols may be divided into the following approaches: 
 Add one or more proxy loads such as a portable load box to the circuit; 
 Operate some of the customer loads during the test; 
 Temporarily disconnect all customer loads from the utility system. 
References [27]-[29], for example, conduct NEV tests by switching-on/off a known 
load to the customer circuit and measuring the corresponding NEV change. By varying a load 
box value, one is able to determine the customer contribution to NEV and, eventually, identify 
a high neutral conductor resistance if large stray voltage impacts are observed. However, as 
the extra load is usually a resistor, one must take into account that such components change 
their resistance value with a change in temperature, which may reduce the results accuracy. In 
addition, the extra load must be sufficiently large to create a noticeable event, but without 
overloading the circuit; and, as some of the tests can fail to catch the sources, due to the 
interruptions of customer loads, the test needs to be repeated multiple times. 
Reference [30] presents a method that uses the second approach, i.e., interrupting and 
reconnecting native customer loads during the test. Phase-to-phase and phase-to-neutral loads 
are tested independently. Therefore, when operating only phase-to-phase loads, for example, 
customer contribution to stray voltage does not change and utility contribution may be 
identified. However, during this test, the neutral conductor of the secondary system must be 
constantly monitored to detect the unexpected occurrence of phase-to-neutral load current. 
The approach adopted by reference [31] proposes two NEV measurements at the 
customer site: with the customer disconnect switch open and closed. The difference between 
those two values will provide the external and, consequently, the customer contribution to 
NEV rise. If the external contribution is found to be above 1.0 Vrms, the continuity of the 
secondary neutral must be checked. Then, if the external contribution is below 5.0 Vrms, no 
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further action is required. If the external contribution is between 5.0 and 10 Vrms, an 
investigation to reduce such voltage to less than 5.0 Vrms must be planned for the near future. 
Finally, if the external contribution is greater than 10 Vrms, a procedure is proposed to identify 
network connection problems, such as broken neutral, continuity or poor connection of 
primary/secondary neutral system etc. The proposed procedure is based on network visual 
inspection, which may increase the operation cost. 
The above protocols have some common limitations. First, they are quite intrusive. 
Some require adding one or more proxy loads to the circuit. Others require operating 
customer loads in certain ways during troubleshooting. Second, the procedures require an 
NEV measurement, which means a reference zero-potential point must be created. This task 
can be difficult to complete properly and, sometimes, cannot be done. The results could be 
affected by the quality of the reference ground as well. Third, if system operating conditions 
change, another test must be performed to identify the updated portion of customer and 
external contributions to stray voltage. Such repetitive interference in the customer is 
undesirable and costly. In summary, there is still room to improve the existing measurement 
protocols. 
2.2 The Neutral-to-Earth (NEV) Voltage Problem 
This section presents a description of the mechanism and main causes of the NEV rise 
problem at the customer facility. Then, a circuit model to study NEV rise is also discussed. 
2.2.1 The Phenomena of Neutral-to-Earth Voltage Rise 
A typical North American secondary system is shown in Figure 2.1. The neutral-to-
earth voltage (NEV) for customer of House #1 is defined as the voltage of node n with respect 
to a remote earth point. Ideally, this voltage should be zero from the perspective of electrical 
safety. However, due to various factors explained later, it is never exactly zero. If this voltage 
is sufficiently high, stray voltage incidents may occur, as follows: The neutral point n is 
bonded to metal structures of the customer facility such as water pipes and is also connected 
to the enclosure of home appliances. High NEV implies that those structures become 
“energized”, i.e., experiencing elevated potential. If a person touches such a structure, 
electrical sensation may occur. Outdoor water faucet is a common place encountering such a 
NEV problem [25]. When touching a water faucet, a person may simultaneously contact the 
floor (at ground potential) and the metallic faucet (which is bonded to neutral n). The human 
body will then experience the NEV. A tingling sensation may happen due to current flowing 
through the body. Likewise, the human body may experience the NEV when a person touches 
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the metallic enclosure of a home appliance and the ground simultaneously. General public 
considers such events as a voltage having “strayed” to the faucet. 
 
Figure 2.1: Typical North American secondary network. 
 
According to the figure, the NEV is caused by the current Ig1 entering the customer 
side grounding resistance RG1. For example, if there is an excessive neutral current (In,c1) 
returning from the customer facility, part of this current can flow through RG1 and the NEV 
will rise. In another case, if the neutral conductor connecting customer and utility is poorly 
connected (i.e., high zn,c1 value), more customer neutral current will flow through RG1 and 
NEV will also rise. If the customer grounding is poor (i.e., high RG1 value), NEV will rise as 
well. Alternatively, if the supply system has a high neutral voltage, this voltage can propagate 
to point N, to NPCC and, eventually, to the RG1 location, leading to higher NEV. The high 
neutral voltage at points N and NPCC which could be created by other customers may also 
propagate to point RG1, causing higher NEV. 
2.2.2 Circuit Model for NEV Analysis 
The secondary network for NEV study requires a multiphase network model as shown 
in Figure 2.2 (only one customer is shown in the figure). Such a model is necessary to 
accurately represent the system neutral and grounding conditions, in addition to modeling the 
load unbalance within the customer’s facility. As shown in the Figure, customer loads may be 
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connected between an energized conductor and the neutral conductor (120 V load) or between 
two energized conductors (240 V load). According to the National Electrical Code, a typical 
customer facility has only one location where the neutral can be connected to the ground, 
which is the service panel location. 
The primary system interconnects with the customer facility through a single-phase, 
three-winding transformer. There are two connection points, phase node Aprim and neutral 
node Nprim. As such, the primary system is modeled as a two-port equivalent network with two 
equivalent voltage sources. One source (Vprim_ph) connects to the phase conductor through 
node Aprim and represents the supply voltage. The voltage source Vprim_n represents the voltage 
present at the primary neutral point and it connects to the facility through node Nprim. This 
voltage models the neutral voltage rise caused by the upstream system and loads. A service 
feeder consisting of 2 energized and 1 neutral conductors connects the service transformer 
with the customer facility. 
The customer location has a grounding resistance of RG. The service transformer has a 
grounding resistance of RT. 
  
Figure 2.2: Secondary network model used to analyze the NEV behavior. 
 
According to the circuit, the neutral-to-earth voltage, NEV, on a customer site can be 
determined as follows: 
 
 nuGgGn IIRIRVNEV   (2.1) 
 
The above relationship reveals that Vn is influenced by the unbalanced load current at 
the fundamental frequency (60 Hz), Iu, and the current on the service neutral conductor at the 
fundamental frequency, In. Therefore, the customer NEV is caused by two contributing 
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factors, namely the customer and the external contributions. The customer contribution arises 
primarily from the load unbalance at the customer site. In such a situation, Iu ≠ 0 and part of Iu 
flows to the ground, causing the NEV rise. The external contribution is related to the neutral 
voltage rise at the PCC (i.e., the node N). Among the causes of this voltage rise are 
unbalanced loads and/or grounding problems in the primary network, the secondary network 
and other customers in the neighborhood. These factors can be understood as a non-zero 
equivalent voltage source Vprim_n. Through the neutral connection, this source can cause a 
current flowing into the customer neutral, leading to a higher NEV. 
Another useful property revealed by (2.1) is that the NEV is in proportion to the 
ground current Ig. Therefore, if the contributors to Ig can be determined, the factors creating 
NEV can also be determined. The goal of the proposed method is to determine the relative 
contributions to Ig due to the customer load unbalance and to the factors external to the 
customer facility. Using this strategy, the requirement to establish a reference potential point 
for NEV measurement is eliminated. 
2.2.3 Analysis of Published Methods 
Methods to decouple NEV contributions have already been developed and published. 
In fact, one specific method for application at farms has been accepted and employed by 
many North American utilities, and is also included in the “IEEE Guide to Understanding, 
Diagnosing and Mitigating Stray and Contact Voltage” (IEEE Std. 1695TM-2016) [18]. This 
method is described and analyzed in this section. 
Initially, the measurement setup shown in Figure 2.3 is prepared
1
. All customer loads 
are disconnected. Three elements should be highlighted: 
 Voltmeter VP: used to measure the transformer neutral voltage. This voltage is 
measured between transformer neutral and a reference ground; 
 Voltmeter VCC: used to measure the voltage at the point of contact (inside customer 
facility) where stray voltage incidents have occurred. This voltage is measured in 
parallel with a 500 Ω resistor connected between contact points; 
 Load box: used to create different circuit operating scenarios to determine the external 
contribution to VCC. 
 
                                                 
1 Only a simplified setup of the method is presented here. The detailed setup and explanation can be found in references [18], 
[35]. 
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Figure 2.3: Schematic of external contribution test. 
 
Then, the measurement procedure is conducted. The four main steps of this method 
are summarized as follows: 
1. Collect VP and VCC for 24 hours. During this period, the load box is de-energized and 
farm is energized; 
2. Select VP when the voltage at point of contact (VCC) is at its maximum during the 24-
hour measurement: VPmax; 
3. Collect VP and VCC when load box is energized and farm is de-energized: VP_LB, 
VCC_LB; 
4. Determine the maximum external (utility) contribution to stray voltage (VCCutility_max) 
using the following relation: 
LBCC
LBP
P
CCutility V
V
V
V _
_
max
max_   (2.2) 
5. If VCCutility_max exceeds 0.5 V, the distributor shall take actions to ensure such 
contribution falls below 0.5 V. 
Equation (2.2) is obtained according to the following reasoning: it is assumed that 
voltage VP is directly associated with the utility contribution to VCC (VCCutility). Initially, the 
load box test (with customer de-energized) is performed to determine the relation between VP 
and VCCutility.
2
 This relation is assumed to hold during regular customer operation (customer 
energized). As a result, the relation between VP and VCCutility obtained during the load box test 
can be combined with VP measured during regular customer operation to estimate utility 
contribution to VCC at any instant.
3
 
                                                 
2
 During the load box test, there is no customer contribution to VCC, because the customer is de-energized. Thus, 
VCC = VCCutility. 
3
 If the maximum VP (VPmax) is considered (as shown in (2.2)), the method is expected to provide the maximum 
utility contribution to VCC (VCCutility_max). 
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However, the reasoning above is technically incorrect because VP depends not only on 
utility load unbalance, but also on customer load unbalance. The relation between VP and 
VCCutility obtained during load box test does not hold during regular customer operation. It 
changes when customer load unbalance changes. Therefore, if equation (2.2) is adopted, 
either utility or customer may be unfairly blamed for causing the stray voltage incidents. For 
instance, when a single-phase load (unbalanced load) is connected to the circuit at the 
customer site, the following will happen: 
1. Part of the current feeding the single-phase load will flow through the customer 
grounding branch (current Igc shown in Figure 2.4); 
2. Part of this current flowing through ground will return through the transformer 
grounding branch (current Itc shown in Figure 2.4), changing the transformer neutral 
voltage (at point P); 
3. This transformer neutral voltage corresponds to VP in the index used to calculate the 
external contribution to VCC (shown in (2.2)). Therefore, if (2.2) is applied, the 
addition of a single-phase load will affect the calculated external contribution, 
although such event should affect only customer contribution. 
To illustrate the problem numerically, case studies are performed in the distribution 
circuit shown in Figure 2.5. In this circuit, a 2.0 MVA unbalanced load is concentrated at the 
end of a 25 kV primary feeder with 2.0 km. The loads are 1.0 MVA on phase A, 0.5 MVA on 
phase B and 0.5 MVA on phase C. This will result in utility side neutral voltage rise. Table 
2.3 presents the loads of the customer under study. Three case studies are considered: 
 
Figure 2.4: Current flows in the neutral circuit when a single-phase load is connected at 
the customer site (Igc: customer contribution to ground current; Itc: customer 
contribution to current on transformer grounding branch).
4
 
 
                                                 
4
 If zn is negligible or RG is large, little current produced by customer load unbalance flows through ground (i.e., 
Igc will be small) and, as a consequence, customer influence in P will also be small (i.e., Itc will be small). 
However, in such specific cases, customer contribution to stray voltage would be nearly zero, and no test would 
be necessary to determine contributions. 
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 Scenario 1: customer load is balanced; 
 Scenario 2: customer load is unbalanced with load on phase A larger than on phase B; 
 Scenario 3: customer load is unbalanced with load on phase B larger than on phase A. 
The simulator presented in [32] is used to conduct these studies. It is assumed that VCC 
is equal to NEV measured at customer service panel. Results obtained by using (2.2) are 
compared with the “true” external contribution to NEV5 in Table 2.3. 
 
 
Figure 2.5: Circuit diagram used on case studies. 
 
Table 2.3: Case studies used to determine NEV contributions. 
Scenario 
Load 
True external 
contribution 
External contribution 
using method 
described in [18] 
Error 
(%) A-N B-N A-B 
1 2.0 kW 2.0 kW 6.0 kW 2.2500 V 2.2135 V -1.62% 
2 4.0 kW 2.0 kW 6.0 kW 2.2500 V 3.1139 V 38.4% 
3 2.0 kW 4.0 kW 6.0 kW 2.2500 V 1.6653 V -26.0% 
 
From Table 2.3, it can be observed that the method described in [18] provides proper 
result only if customer loads are balanced (Scenario 1), that is, only if there is no customer 
contribution to NEV. On the other hand, Scenarios 2 and 3 show that the external contribution 
(VCCutility) changes significantly when customer load is modified. However, in reality, if only 
customer load unbalance changes, the external contribution should remain constant. The 
direct implication of this result is that either utility or customer may be unfairly blamed for 
excessive contribution to stray voltage incidents. 
Two final remarks about the method proposed in [18] must be outlined: 
                                                 
5
 The true external contribution to NEV is the NEV when customer load is balanced (i.e., when customer 
contribution to stray voltage is zero). 
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 The external contribution to NEV should be calculated at the customer service panel 
(as explained in Sections 2.2.1 and 2.2.2) rather than inside customer facility (location 
where the voltage is accessible to humans or animals), since the service panel is the 
actual point of interface between utility and customer; 
 Although doable in farms, service transformer measurements (VP) might be 
impractical to achieve in urban areas, due to the distance between service panel and 
service transformer. Thus, there are difficulties involved in applying the proposed 
method in urban networks. 
2.3 Current Return Ratio Concept and Calculation 
This research proposes a nonintrusive method for decoupling the NEV sources at the 
customer-utility interface point (i.e., customer service panel). The advantages of the proposed 
technique are threefold. Firstly, the test can be performed without switching off any load and, 
therefore, without causing inconvenience to the customer. This feature also makes the method 
suitable for long term monitoring of NEV conditions. Secondly, the obtained results can be 
employed to monitor the grounding conditions of the system involved, such as broken neutral 
and poor customer grounding. Thirdly, the method does not require measuring neutral 
voltages and, therefore, the difficult task of establishing a voltage reference point is 
eliminated. The results are the relative contributions from the external side and from customer 
side to the NEV. 
In order to determine the relative contributions of the customer and external causes to 
the NEV, a new concept called the current return ratio needs to be established first. According 
to Figure 2.6, the unbalanced current produced by the customer loads (Iu) returns to the 
primary system either through the neutral conductor (In) or through the grounding branch (Ig). 
Only currents at the fundamental frequency (which is 60 Hz in the North-American system) 
are considered. 
Figure 2.6 shows that the neutral current In is related to the unbalanced load current Iu 
through the following relationship: 
 
neun IIKI   (2.3) 
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Figure 2.6: Secondary network model used to analyze the NEV contributions. 
 
where K is defined as the Current Return Ratio, Ine is the current caused by external factors 
unrelated to the customer load. The current return ratio can be understood as the percentage of 
the unbalanced load current that returns to the supply system through the service neutral 
conductor. 
In this section, initially, an analytical formulation is developed to describe the current 
return ratio. Based on the analytical formulation, a measurement-based technique is proposed 
to determine such ratio. 
2.3.1 Current Return Ratio for a Simplified System 
In this section, we will use a simplified residential circuit to demonstrate that the 
relationship shown in (2.3) does exist. It will also reveal that K is a function of the network 
impedance parameters only. Therefore, if the impedance parameters do not change, K is a 
constant. A mathematical proof of the relationship is presented in the Appendix A. 
Figure 2.6 can be further simplified to Figure 2.7. Voltage sources Va and Vb represent 
the supply system on the low voltage side of the interconnection transformer (these two 
voltage sources are not independent, as a change in the voltage at m leads to a change with the 
same magnitude in voltages Va and Vb; Va + Vb remains approximately constant). The neutral 
circuit upstream of and including RT can be simplified as a Thévenin equivalent (VMGN and 
ZMGN). ZMGN is approximately equal to the parallel impedance of Zprim_n and RT in Figure 2.6. 
The supply system feeds the customer through two energized and one neutral conductor, with 
impedances zp and zn, respectively. The customer facility is represented by 120 V (Za and Zb) 
and 240 V (Zab) connected loads, and the neutral point is grounded through the resistance RG. 
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Figure 2.7: Simplified residential circuit to determine K ratio. 
 
To determine the relationship between neutral current In and unbalanced load current 
Iu, the circuit is further simplified by applying the delta-wye transformation to the load. The 
newly obtained network is presented in Figure 2.8, where the equivalent loads are given by: 
 
abba
aba
ZZZ
ZZ
Z


1 ; 
abba
abb
ZZZ
ZZ
Z


2 ;  
abba
ba
ZZZ
ZZ
Z


3  
(2.4) 
 
The circuit is rearranged next as in Figure 2.9(a) and a Thévenin equivalent is 
calculated for the circuit portion circled in red (between nodes m and n). The obtained 
equivalent circuit is presented in Figure 2.9(b), where 
 
 
Figure 2.8: Residential circuit after delta-wye transformation on the load. 
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(a) (b) 
Figure 2.9: Equivalent secondary network for K ratio calculation. 
 
Once Kirchhoff’s second law is applied to “Mesh α” of the resulting circuit, the 
following relationship is obtained: 
 
0 gGnngMGNMGN IRIzIZV  (2.7) 
 
By substituting the ground current (Ig) by Iu - In, (2.7) may be rearranged to isolate the 
neutral current, as follows 
 
    0 nnnuGMGNMGN IzIIRZV  (2.8) 
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Equation (2.9) is in the form of (2.3), and the K ratio can be determined by: 
nGMGN
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zRZ
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

  (2.10) 
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By considering typical circuit parameters in (2.10)  such as RG = 1 Ω, 
zn = 0.17 +j 0.11 Ω, and ZMGN = 0.52 + j0.32 Ω, the resulting K ratio is K = 0.89 – j0.04. 
Typical values of K are estimated as from 0.85 to 0.95. 
2.3.2 Multi-customer Circuit 
The proposed current return ratio concept is also applicable to the multi-customer 
system. To apply the proposed concept, other houses connected to the secondary circuit are 
included as an external contribution to the NEV rise of the customer under study, as presented 
in Figure 2.10. 
2.3.3 Measurement Method to Determine K 
In practice, the K ratio is impossible to calculate because it depends on circuit 
impedances whose values are not available. This section presents a measurement-based 
approach to determine the K ratio. 
Equation (2.3) represents the relationship among K, In, Iu and Ine. In and Iu can be 
measured at the service entrance point (neutral and phase currents are measured and their 
fundamental frequency behavior is extracted by applying the Discrete Fourier Transform, 
DFT). Iu equals Ia + Ib, as the customer has only one grounding point (point n in the Figure 
2.6). However, Ine cannot be measured directly. 
To determine the current return ratio, equation (2.3) is applied to two sets of 
measurement data, extracted from consecutive time instants, as follows: 
 
Figure 2.10: Multi-customer network model for understanding K ratio. 
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111 neun IIKI  , for data measured at first instant (t1) (2.11) 
  
222 neun IIKI  , for data measured at second instant (t2) (2.12) 
Subtracting (2.12) from (2.11) yields 
 
   121212 neneuunn IIIIKII   
neun IIKI   
(2.13) 
 
In order to estimate the K ratio from (2.14), the external current variation (ΔIne) must 
be very small compared to the variation of the unbalanced current (ΔIu). Otherwise, the 
influence of external neutral current will result in inaccuracies in K value. To minimize such 
an influence, two requirements must be fulfilled. Firstly, only data sets collected during 
changes in the unbalanced current (Iu) should be used. A high change in the unbalanced 
current is ensured when single-phase appliances are switched-on or switched-off. Secondly, 
one should use a small interval (such as less than 1 second) between two collected snapshots, 
which minimizes the probability of changes in the external system. Once these requirements 
are satisfied, ∆Ine can be neglected in comparison to ∆In and ∆Iu, which yields, 
 
u
n
I
I
K


  (2.14) 
Figure 2.11 presents the phase and neutral currents measured at a house, in the city of 
Edmonton, Canada. In this figure, it is possible to notice a single-phase appliance switch-on 
between the instants t1 and t2. Such change results in a variation on the unbalanced current 
and, therefore, can be used for K determination. 
 
Figure 2.11: Valid data selection. 
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In practice, K is obtained from a large amount of current change snapshots selected 
over a measurement period of several hours or even days. By considering M as the number of 
snapshots collected with a small interval between each sample, a data selection is performed 
based on the following steps: 
For i varying from 1 to M-1: 
1. Calculate the variation of current unbalance between two consecutive snapshots: 
   iIiII uuiu  1, ; 
2. Calculate the variation of neutral current between two consecutive snapshots: 
   iIiII nnin  1, ; 
3. If Equation (2.15) is satisfied, consider this value for the K estimation. 
 
iuiniu III ,,, 0.12.0   (2.15) 
 
The upper limit of |ΔIn,i| is to eliminate overlapping between |ΔIu,i| and |ΔIne,i| events. It 
has been set to 1.0 since the maximum neutral current change is equal to the phase current 
change, when there is no overlapping event. The lower limit is to avoid device failures, such 
as the ones presented on Figure 2.12, where large changes on current unbalance have no effect 
on neutral current. It has been set to 0.2, below the lowest |ΔIn,i|/|ΔIu,i| ratio encountered on 
field measurements, which was 0.3. 
 
Figure 2.12: Device failure identified on field measurements. 
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The resulting dataset, composed of N selected snapshots, associates ΔIu and ΔIn as 
shown in (2.16). 
NuNNn
iuiin
un
un
IKI
IKI
IKI
IKI
,,
,,
2,22,
1,11,






 (2.16) 
 
Ideally, all K values calculated from (2.16) should be equal and, therefore, the circuit 
K ratio can be determined by averaging these values, as shown in (2.17). In this equation, Kre 
and Kim are, respectively, the arrays with real and imaginary parts of K determined in (2.16). 
 
   imre KjKK   average  average   (2.17) 
 
The current return ratio K can also be calculated at harmonic frequencies by 
employing the same method proposed in this section. Sample measurement and K results at 
harmonic frequencies are provided in the Appendix B. In this appendix, one can observe that 
the K ratio at fundamental frequency is similar to those calculated at low order harmonics 
such as 3
rd
 and 5
th
 harmonics. The reason is that, as shown in (2.10), the K ratio is basically a 
combination of the neutral and grounding impedances, and such impedances are mostly 
resistive (do not change significantly at low order harmonics). 
2.4 Method to Decouple NEV Contributions 
As previously stated in this chapter, both neutral current In and ground current Ig can 
be divided into two components, as follows: 
 
nencn III   (2.18) 
 
 
gegcg III   (2.19) 
 
Inc and Ine are, respectively, the customer and external components to the neutral 
current, while Igc and Ige are, respectively, the customer and external components of the 
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ground current. The negative sign in (2.18) has been chosen because customer and external 
contributions to neutral current interact in opposite directions (i.e., customer contribution 
flows from customer to the external site, while external contribution flows in the opposite 
way). On the other hand, both contributions to ground current flow from point n to the 
ground. 
By comparing (2.3) to (2.18), customer contribution to the neutral current is given by 
 
 baunc IIKIKI   (2.20) 
 
Part of the unbalanced load current Iu returns to the external site through the neutral 
conductor (Inc) and the remaining current returns through the customer grounding point (Igc). 
Therefore, Iu = Inc + Igc, and the customer contribution to ground current is given by: 
 
     bauncugc IIKIKIII  11  (2.21) 
 
From Figure 2.6, 
 
nug III   (2.22) 
 
By replacing (2.21) and (2.22) into (2.19), Ige can be determined as follows 
 
  nbagcnugcgge IIIKIIIIII   (2.23) 
 
The ground current components can be plotted as shown in Figure 2.13. The 
percentage contribution from the customer can be determined by a projection of Igc on Ig, as 
follows 
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Likewise, the percentage contribution of the external site is 
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Figure 2.13: Phasor diagram of ground current components. 
 
According to (2.24), if K = 1 or Iu = 0, contribution factors Fc = 0 and Fe = 100%. 
These results mean that when either all the customer load current returns through the neutral 
conductor or the customer loads are balanced, the external site (utility and other customers) is 
fully responsible for the NEV rise at the customer facility. Similarly, if K = 0 which may 
represent the case of a broken secondary neutral In = 0, Fe = 0 and Fc = 100%, i.e., the 
customer is technically responsible for the NEV rise. (But a broken neutral conductor may be 
the responsibility of the utility. This issue will be addressed in Section 3.3.) In practice, 
0 < K < 1 and Iu ≠ 0. Therefore, both customer and external contributions do exist. 
As explained earlier, NEV is in proportion to Ig through a constant impedance RG. The 
relative contribution factor to Ig is, therefore, applicable to NEV. In this work, Fc and Fe are 
called contribution factors to NEV. 
2.5 Three-Phase Four-Wire Circuits 
The current return ratio concept is equally applicable to three-phase four-wire loads 
such as the one presented in Figure 2.14. The unbalanced current required for the proposed 
method can be obtained by using the three line currents as in (2.26). Compared to the single-
phase system, the three-phase configuration requires an extra current probe. The study of both 
configurations involves the same procedure. 
δ1
δ2
Igc = (1 – K)Iu
Customer component
Fc [%]
Customer contribution
Fe [%]
External contribution
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cbau IIII   (2.26) 
 
 
Figure 2.14: Three-phase customer supplied from a MGN system. 
 
The current return ratio can also be applied to study two-phase three-wire loads such 
as the one presented in Figure 2.15. The unbalanced current required to apply the proposed 
method can be obtained by using the two currents Ia and Ib as shown in (2.27). However, in 
this condition, even when the customer load is balanced, the unbalanced current Iu is not zero 
because the currents Ia and Ib will be displaced by 120° from each other, not by 180° as in the 
single-phase three-wire system shown in Figure 2.6. Therefore, current Iu is not only 
associated with customer load unbalance, it must be split into customer and external 
contributions. When the customer loads are balanced, Iu will be composed purely of the 
external contribution. When the customer loads are unbalanced, Iu will be composed of both 
customer contribution (Iuc) and external contribution (Iue). 
 
Figure 2.15: Two-phase customer in a three-phase four-wire system. 
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ueucbau IIIII   (2.27) 
 
To determine the external contribution to Iu, in the phase with the largest load, this 
load is divided into two portions, one portion is equal to the load in the phase with lowest load 
and the other portion is the remaining load in this phase. Mathematically, for the two-phase 
load shown in Figure 2.15, if the load in phase A is larger than the load in phase B (|Za| < |Zb|), 
Za must be divided into two loads, one is Zb and the remaining load is named Zrem, as in Figure 
2.16. 
 
Figure 2.16: Division of two-phase load to determine external contribution to Iu (Iue). 
From Figure 2.16, one can conclude that Iue (external contribution to Iu) is: 
 
  1201 1 jbbaue eIIII  (2.28) 
as voltage in phase A is assumed to lead phase B voltage by 120° and to lag phase C voltage 
by 120°. 
Consequently, the customer contribution to the unbalanced current is: 
 
º120j
bauebaueuuc eIIIIIIII   (2.29) 
 
By considering equations (2.27)-(2.29) and (2.18)-(2.20), the customer and external 
contributions to the neutral current are: 
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The customer and external contributions to the ground current are: 
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 (2.31) 
 
The current return ratio is determined by using the same measurement-based 
procedure described in section 2.3.3. And once the customer and external contributions to the 
ground current (Igc and Ige, respectively) are calculated, the percentage contributions to NEV 
can be obtained from (2.24), (2.25). 
In (2.28)-(2.31), it is assumed that phase angle difference among voltages is nearly 
120º, which leads to a phase angle difference of 120° between currents Ia1 and Ib. However, as 
the phase sequence is not generally known beforehand, a more robust approach can be 
implemented by also measuring voltages Van and Vbn (there is still no need to measure any 
voltage with respect to ground, that is, there is no need to establish a voltage reference point). 
2.6 Summary 
This chapter has presented a method for NEV source decoupling. The method relies on 
a key concept named the current return ratio (K), which can be understood as the percentage 
of the unbalanced load current that returns from customer to the supply system through the 
service neutral conductor. From analytical derivations, it is observed that K depends only on 
grounding network parameters (grounding impedances and neutral impedances) and, 
therefore, if the impedance parameters do not change, K is a constant. As impedance values 
are not available, a passive measurement-based technique is also proposed to determine K, by 
measuring only the service panel currents (Ia, Ib and In). 
The K ratio and the relationship revealed in (2.3) can be applied to decouple customer 
and external contributions to the NEV. The procedure can be implemented in a dedicated 
device or in a power quality monitor, as shown in Figure 2.17 and summarized below. 
The device or monitor must have three current sensors that sense the currents Ia, Ib and 
In at the service entrance point. A sampling rate of 64 points per cycle is sufficient for 
fundamental frequency NEV monitoring. The monitoring period can be as short as a few 
hours, but one week monitoring is preferred as it is common duration for power quality 
monitoring. The sample current waveforms are processed to extract the fundamental 
frequency components. The method to determine NEV contributions is then applied. The K 
46 
 
ratio and the contribution factors can be output from the device/monitor at a resolution around 
one result per minute. The overall algorithm is shown in a high-level flowchart presented in 
Figure 2.18. 
 
Figure 2.17: Layout of the service panel with the stray voltage monitor. 
 
Figure 2.18: Flowchart of the overall NEV contributor determination method. 
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3 METHOD FOR IDENTIFYING STRAY VOLTAGE SOURCES: 
VERIFICATION, APPLICATION AND TROUBLESHOOTING 
This chapter presents the verification of the proposed technique and its practical 
application in real field cases. The type of results that can be obtained is also highlighted. 
3.1 Verification Studies 
This section presents the verification of the proposed technique including the method 
for determining the current return ratio and that for estimating the NEV contribution factors. 
Multiple simulation studies and field measurements conducted on several houses are 
presented to reveal the type of results that can be obtained by this technique. 
3.1.1 Simulation Studies 
Initially, the proposed method is verified through extensive computer simulation 
studies. A main advantage of this approach is that all NEV contributors can be varied and the 
“ground truth” results are available for verification and comparison. 
3.1.1.1 Current Return Ratio Determination 
To verify the effectiveness of the method to measure K, a set of simulation studies 
have been performed by using the circuit of Figure 3.1, with two customers on the secondary 
system. The impedance parameters of this circuit are provided in Appendix C. 
The first simulation establishes the true K value. This is done by setting to zero all 
external contributions to the neutral current. For example, the Feeder Load and customer 2 are 
disconnected. For such a case, the correct K value can be determined by using (3.1). 
 
u
n
I
I
K   (3.1) 
The second simulation consists in simulating the entire system as if it is a real network 
with various randomly changing loads and supply voltages. The simulated system is shown in 
Figure 3.1, where each home contains multiple random loads connected between phase and 
neutral, and between two phases. A sequential Monte Carlo simulation is performed in the 
platform described in [32] to provide a realistic 24-hour load behavior for the study system. 
Sample currents produced from the simulation are presented in Figure 3.2. The measurement 
method for K determination is then applied to the data. A sample result is presented in Figure 
3.3, where one may notice that K remains constant throughout the 24-hour simulation period. 
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Figure 3.1: Circuit diagram used on simulation studies. 
 
 
Figure 3.2: Simulated house current profile for a 24-hour period. 
 
The above processes are repeated for three scenarios, each representing different 
combinations of customer grounding impedance (RG1) and neutral conductor impedance 
(zn,c1). Changes on other neutral system impedances are not presented here, because they have 
little influence on K. The results are shown in Table 3.1, which suggest that the proposed 
method has an acceptable accuracy. 
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Figure 3.3: Verification of K determination method. 
 
Table 3.1: Verification results for K ratio calculation. 
Case study characteristics 
True results Results from Proposed method 
RG1 (Ω) zn,c1 (Ω) 
1.0 0.165+j0.110 0.8848-j0.0458 0.8841-j0.0545 
5.0 0.165+j0.110 0.9679-j0.0204 0.9687-j0.0200 
1.0 0.665+j0.110 0.6739-j0.0142 0.6748-j0.0141 
 
3.1.1.2 Contribution Factor Determination 
The Monte Carlo simulations are also used to verify the method to determine the NEV 
contributors. To obtain the ground truth results for comparison, the following set of 
simulations are performed first. Initially, a simulation is performed with the entire system and 
the total NEV is determined (which is called the full case). Then, customer loads are 
disconnected and another simulation is performed; the obtained NEV level represents the 
external contribution. The difference between total NEV and external contribution is the 
customer contribution. The proposed method is then applied to the simulation results of the 
full case, which are Ia, Ib and In. The true contribution levels and those obtained from the 
proposed method are compared. 
Four case studies have been considered, as described in Table 3.2. Parameters not 
shown in the table remain the same for all cases. For all cases, the K ratio is 0.8841-j0.0545. 
Table 3.3 compares the simulation results with those obtained by using the proposed method. 
One may notice a very good correlation between both results, which confirms the 
effectiveness of the proposed NEV source location method. 
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Table 3.2: System load levels (loads are in kVA, with power factor = 0.8 ind.). 
Case 
study 
Customer under 
study 
External 
customer 
Primary feeder 
Phase A Phase 
B 
Phase 
A 
Phase 
B 
Phase 
A 
Phase 
B 
Phase 
C 
1 3.000 0.000 2.000 1.000 1000 500.0 500.0 
2 3.000 1.000 2.000 1.000 1000 500.0 500.0 
3 3.000 0.000 2.000 1.000 2000 500.0 500.0 
4 3.000 0.000 6.000 1.000 1000 500.0 500.0 
 
Table 3.3: Verification results for NEV source decoupling. 
Case 
study 
Total NEV 
(V) 
Simulation Proposed method 
Customer 
NEV (V) 
External NEV 
(V) 
Customer 
NEV (V) 
External NEV 
(V) 
1 3.937∠-37.7° 3.506∠-13.0° 1.647∠-100.5° 3.485∠-12.8° 1.658∠-99.8° 
2 2.996∠-46.8° 2.418∠-13.5° 1.647∠-100.5° 2.383∠-13.1° 1.664∠-99.4° 
3 6.101∠-67.6° 3.532∠-13.6° 4.936∠-103.0° 3.511∠-13.5° 4.946∠-102.8° 
4 4.304∠-37.4° 3.613∠-14.1° 1.735∠-92.7° 3.586∠-13.9° 1.754∠-92.0° 
 
3.1.2 Field Measurement Results 
Field measurements have been conducted in several houses during the course of this 
project. Since it is impossible to manipulate the loads internal and external to those houses 
completely, the true K value and contribution factors cannot be determined for the purpose of 
verifying the proposed method. However, the results do offer decisive confirmations to 
several characteristics predicted by the theory of this research. In addition, the results 
demonstrate the types of findings that are useful to utilities and customers. 
3.1.2.1 Field Measurement Description 
Field measurements were collected in the service panels of several volunteer 
residential homes located in the city of Edmonton, Canada. Three current probes were used to 
measure the phase currents and neutral current. A NI data-acquisition system with a 100 kHz 
sampling rate controlled by a laptop computer was used for data recording. The sampling rate 
is 256 points/cycle. 
When possible, the NEV was monitored across a 1 kΩ resistor connected between the 
neutral bus and temporary ground rod. The ground rod was driven about 5m away from the 
wall in the backyard. Due to the short-distance between the reference ground and the 
customer ground and the likely presence of underground metal pipes, the reference ground is 
not a high quality one. The NEV result is used only to demonstrate its strong correlation with 
the ground current. A sample 24-hour current and NEV profiles of one home are shown in 
Figure 3.4. 
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Figure 3.4: Sample current and NEV profiles of a test house. 
 
3.1.2.2 Main Characteristics of the K ratio 
Initially, the current return ratio is determined and the results are presented in Figure 
3.5 for two different houses. The raw K ratio estimated for all individual load changes during 
the measurement period is presented (the one-hour average is not calculated). The 
measurement results confirm the theory presented in Chapter 2, indicating that K remains 
constant during the measurement period of several days. The values of K are also comparable 
to those predicted by Equation (2.10). 
 
(a) house 1 (10-day data) 
 
(b) house 2 (9-day data) 
Figure 3.5: Determination of current return ratio at 2 houses. 
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Further experiments were conducted in a test house to validate other important K ratio 
characteristics as follows. 
 Impact of load current levels on K 
The goal of this study is to prove that K is constant regardless of the load current 
amplitude. To achieve this, a variable load is connected to an outlet of phase A, and switched 
on and off several times. During the experiment, only one other load is connected at the same 
phase and it remains on. The monitored phase current and the calculated K ratio are illustrated 
in Figure 3.6. As one can see K remains the same when the phase current is increased. 
 Impact of load locations on K 
This test is to verify that changes of different loads at different locations will not affect 
the estimated K value. For this purpose, the same portable appliance is switched on/off at 4 
different outlets, while neutral and phase currents are monitored. K ratio is calculated for each 
appliance connection and the results are summarized in Figure 3.7. As one can see, the load 
location does not affect the result of K. 
 
Figure 3.6: Analysis of ratio K for different load current levels. 
 
Figure 3.7: Analysis of ratio K for different load locations. 
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 Impact of 240 V loads on K 
As K ratio calculation relies on the unbalanced and neutral currents, it is also 
important to verify if a 240 V load (i.e., load connected between two energized conductors) 
will affect the neutral current and thus the accuracy of estimated K. Such an impact could 
occur because the connection of 240 V loads increases the current from primary system and 
part of this current could flow through the grounding interconnection into the secondary 
system. 
An experiment is conducted through connecting a 1.0 kW 240 V load and monitoring 
the neutral current of the house. Figure 3.8 presents the phase and neutral currents measured 
in the house during the experiment. One may observe that both phase currents have many 
pulses, implying a 240 V appliance operation (circled period). During the variation of phase 
currents, the neutral current remains constant. Such results show that when 240 V appliances 
are switched on in a house, it does not result in noticeable impact on neutral current and, 
consequently, K is not affected. 
 
Figure 3.8: Impact of two-phase balanced appliances on neutral current. 
 
3.1.2.3 NEV Source Decoupling Results 
A systematic decoupling of NEV contributions at a customer facility is performed 
herein. Figure 3.9 shows the current return ratio obtained for a 24-hour period by using the 
method proposed in Chapter 2. One hour of measurement has been used to obtain each data 
point representing the ratio K (one-hour average). This figure shows that K remains 
reasonably constant around 0.86 throughout the day. 
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Figure 3.9: Behavior of the neutral current return ratio K (24-hour information). 
 
Using the K ratio determined above, Figure 3.10 shows the decoupled ground currents 
and its percentage contributions. The current due to customer load unbalance is significantly 
higher. For this particular day, customer contribution remains around 100%. On specific 
instants, customer percentage contribution is above 100%, while the external share is below 
zero. Such result indicates both contributions interact in opposite directions on the customer 
grounding branch. 
 
Figure 3.10: Customer and external percentage contributions. 
 
3.1.2.4 Correlation of NEV with the Ground Current 
The proposed technique is based on the observation that the NEV is in proportion to Ig 
as RG is generally constant. This observation is confirmed by the following study. In this 
study, the measured NEV is correlated with the ground current Ig (= Iu - In). Figure 3.11 shows 
the profiles of NEV and Ig and the correlation of these two variables. Both results confirm that 
the NEV is indeed linearly related to Ig. Using Ig to decouple the NEV contributors is 
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technically sound. The results can also help to estimate the ground resistance, which is the 
slope of the correlation curve. For this specific home, RG is approximately 0.5 Ω. 
 
Figure 3.11: Measured NEV and computed ground current. 
 
3.1.2.5 Measurement Results from other Houses 
Several other homes are monitored in the city of Edmonton, Canada, without installing 
the reference ground. The results for three houses (from different secondary systems) are 
shown in Figure 3.12 and Figure 3.13 for a 24 hour period. The K values are generally 
constant, but some small variations are noted. This is not surprising as the grounding 
conditions (RG1, ZMGN) can be affected by the soil resistivity, which in turn can be affected by 
moisture and temperature. As for the contribution factors, external contribution of House 1 is 
dominant, while customer contribution dominates the NEV on Houses 2 and 3. As will be 
shown in the next section, these results allow utilities to identify eventual network problems 
and take faster decisions to solve such issues. For example, in Figure 3.13 a problem at utility 
network is more likely to be found near House 1 than near the other two houses. 
 
Figure 3.12: Current return ratio behavior for three other houses. 
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Figure 3.13: Percentage contributions for three other houses. 
3.2 Sensitivity Studies 
In this section, main factors affecting the NEV contributions, as well as the current 
return ratio are investigated through sensitivity studies. These studies were carried out in the 
simulation platform described in [32]. The network model for the studies is shown in Figure 
3.14. For this case, a 2.0 MVA unbalanced load is concentrated at the end of a 25 kV primary 
feeder. The loads are: 1.0 MVA on phase A, 0.5 MVA on phase B and 0.5 MVA on phase C. 
This will result in utility side neutral voltage rise. The customer under study has load of 
3 kVA between phase A and neutral. No load is connected to phase B. The external customer 
loads have little influence on NEV and, therefore, are left varying randomly. The remaining 
impedance parameters of the circuit are presented in Appendix C. 
 
Figure 3.14: Circuit diagram used on simulation studies. 
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The sensitivity studies cover two types of scenarios. The first type is related to the 
change of system operating conditions, such as the load levels and load imbalances. For such 
cases, the network impedance parameters remain the same. The second type involves the 
change of system grounding conditions such as the customer grounding impedance. For this 
type, the impedance parameters under study will be changed. It is clear that the first type does 
not result in the change of current return ratio while the second type does. On these studies, 
the complex value of K is used to determine NEV contributors and, for comparison among 
different scenarios, only its magnitude is plotted. 
3.2.1 Primary Load Imbalance (Type 1) 
A primary feeder in a balanced load condition does not have any neutral current. 
When unbalanced loads come into operation, the primary feeder no longer remains balanced 
and neutral current appears. A part of this current can flow into the customer circuit through 
the interconnection of the primary and secondary neutral points. Figure 3.15 shows the results 
of this situation where the primary load becomes more unbalanced. The results are in 
agreement with the theory, namely, the NEV will increase and the external contribution to 
NEV will also increase. The current return ratio remains constant. The results further show 
that the customer’s portion of the ground current (Ig) remains the same. 
 
(a) 
 
(b) 
Figure 3.15: Effect of primary load imbalance on NEV and K. 
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3.2.2 External Customer Load Imbalance (Type 1) 
The degree of load imbalance of the external customer is varied in this case. The 
results, shown in Figure 3.16, reveal that the impact of the external customer on the NEV of 
the study customer is small (at least for the data used). This finding makes sense technically 
since the impedance zn is small for the study case. As a result, RT in combination with the 
primary neutral network will “hold” the neutral voltage at the PCC (point NPCC of Figure 
3.14) constant. The high NEV of the external customer cannot propagate to the site of the 
study customer. The case also confirms that ratio K remains constant when external loads 
change. 
 
(a) 
 
(b) 
Figure 3.16: Effect of external customer load imbalance on NEV and K. 
 
3.2.3 Customer Load Imbalance (Type 1) 
This case is created by changing the amount of loads on both phases of the study 
customer. The results are shown in Figure 3.17. The label “2/1 kVA” means one phase has 
2 kVA load and another has 1 kVA load. As expected, the NEV will increase when the 
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customer load becomes more unbalanced, so does the customer’s contribution to NEV. The 
utility’s portion of the ground current (Ig) remains the same. The current ratio K remains 
constant. These findings are also in agreement with the theory. They are “symmetrical” to the 
findings of Section 3.2.1. 
 
(a) 
 
(b) 
Figure 3.17: Effect of customer load imbalance on NEV and K. 
 
3.2.4 Grounding Condition of the Supply System (Type 2) 
The grounding condition of the supply system is related to the values of the grounding 
resistances Rgn and RT. In fact, RT is one of the Rgn grounding points in the multi-grounded 
neutral (MGN) of the primary feeder. Three cases are investigated to determine the impact of 
these impedances: (a) increase of both RT and all Rgn; (b) increase of RT, and (a) increase of all 
Rgn. For the sake of simplicity, only the results of (a) and (b) are shown in Figure 3.18 and 
Figure 3.19 respectively. It can be seen from Figure 3.18 that when overall grounding 
condition deteriorates, the NEV and the external contribution to NEV increases significantly. 
However, if only RT deteriorates, the impact on NEV and external contribution is small. For 
both cases, the change on K ratio is not significant. 
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(a) 
 
(b) 
Figure 3.18: Effect of RT and all Rgn increase on NEV and K. 
 
 
(a) 
 
(b) 
Figure 3.19: Effect of RT increase on NEV and K. 
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These observations can be explained by using the MGN network shown in Figure 
3.20. What is of importance to the NEV of the study customer is the total equivalent 
impedance ZMGN of the neutral network seen from the customer site. Since all grounding 
impedances are in parallel, deterioration of any one of the impedances will have little impact 
on ZMGN. As such, the NEV and external contribution are not affected by the deterioration of a 
single grounding point. 
 
Figure 3.20: Multigrounded neutral circuit. 
 
The case of broken primary neutral (shown in Figure 3.20 as well) is also studied. The 
findings, omitted here, are consistent with the above explanations. Namely, if the broken 
point is far away from the service transformer (i.e., RT) location, the impact is small since 
ZMGN will not be affected significantly. The case where the external customer has poor 
grounding impedance was investigated as well. The observations and explanations are similar, 
since the grounding impedance of the external customer can be considered as a branch of the 
MGN network (Figure 3.20). 
In summary, among the various findings of this subsection the following two key 
findings are useful for troubleshooting the NEV rise problem: (a) a poor grounding condition 
in the supply system will result in higher external contribution to the NEV. The effect is very 
similar to that caused by unbalanced loads in the primary system; (b) such a poor grounding 
condition can only be caused by “multiple failures” of the neutral network. A single large 
grounding impedance is not sufficient to affect the grounding condition, i.e., creating a high 
ZMGN. 
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3.2.5 Grounding Impedance of the Study Customer (Type 2) 
The grounding resistance (RG1) of the customer under study was varied between 1 Ω 
and 8 Ω in this study. The primary neutral grounding resistances (RT and Rgn) were held 
constant at 15 Ω. The results are presented in two charts of Figure 3.21. According to the 
charts, the NEV increases noticeably as RG1 increases. This is expected. The percentage 
contributions remain roughly the same because both the customer and utility components of 
the NEV increase proportionately. This result reveals that the contribution factor alone cannot 
provide sufficient information to find the customer-grounding-caused high NEV. This 
outcome is expected theoretically since the contribution factor only measures the impact of 
loads on the NEV under a fixed impedance condition of the network. However, the current 
return ratio K increases with RG1. This finding will be used later to formulate a complete 
strategy for troubleshooting the NEV problem. 
 
 
(a) 
 
(b) 
Figure 3.21: Effect of customer grounding impedance increase on NEV and K. 
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3.2.6 Neutral Conductor Connecting Study Customer (Type 2) 
The resistance of a neutral conductor (zn,c1) increases when its connection points 
deteriorate. To determine the impact of such a situation on the NEV and the proposed method, 
zn,c1 is varied between 0.1 Ω and 0.5 Ω. The results are shown in Figure 3.22. As expected, the 
NEV increases significantly when neutral conductor impedance increases. The customer’s 
contribution to NEV remains high. This is also expected since the high neutral conductor 
impedance hinders the return of the customer unbalanced current into the system. Although 
the results of contribution factors make sense in this case, they are not helpful to diagnose the 
problem (which is the high neutral conductor impedance). However, the K ratio demonstrates 
noticeable reduction when zn,c1 increases. This finding will be used later to formulate a 
complete strategy for troubleshooting the NEV problem. 
 
 
(a) 
 
(b) 
Figure 3.22: Effect of customer grounding impedance increase on NEV and K. 
 
Overall, the extensive sensitivity studies have revealed that the contribution factor can 
correctly predict which loads, the customer load or the external load, has a larger impact on 
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NEV for a given grounding condition of the network. In other words, it can detect the impact 
of operating conditions (type-1 variations) on NEV. However, if a high NEV is caused by 
poor grounding conditions, the contribution factor along is not sufficient for NEV 
troubleshooting. The information provided by the current return ratio has the potential to 
solve this problem. A detailed NEV troubleshooting strategy is presented in the following 
section. 
3.3 NEV Troubleshooting and Monitoring Strategies 
The sensitivity studies presented previously have shown that the following factors are 
the main contributors to NEV rises: (1) Severe load imbalance and/or poor grounding 
condition in the supply system. (2) Severe customer load imbalance and/or poor customer 
grounding. (3) The customer and system neutral points have a poor connection, i.e., the 
neutral conductor impedance is high. 
Both the contribution factor and the current return ratio can pinpoint some of the 
above causes in a complementary manner. This reasoning helps to establish the NEV 
troubleshooting and monitoring strategies described in this section. 
3.3.1 Customer Service Panel 
For the purpose of contextualization, it is first provided the main characteristics of a 
typical customer service panel. This is the point where measurements shall be collected to 
decouple NEV contributions. It is located inside the customer home, generally at the house 
basement. 
Figure 3.23 presents a simplified schematic of a residential customer service panel. 
This is a single-phase three-wire customer and, therefore, it is fed through two energized 
(120 V) conductors and one neutral conductor. The neutral conductor is grounded at the 
service panel location. In fact, according to the National Electrical Code (NEC) [33]
6
, this is 
the only grounding connection within the customer facility. Furthermore, the code establishes 
that the grounding electrode shall be the nearest of the following options: 
1. Metal water pipe grounding electrode; 
2. Structural metal grounding electrode. (This option is usually preferred in modern 
residences.) 
 
                                                 
6
 Although the NEC regulates practices in the USA, in general, most of these practices are also applied for the 
Canadian system. In particular, the service panel grounding technique is also adopted in Canada [34]. 
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Finally, multiple phase-to-neutral and phase-to-phase sub-circuits are derived from the 
service panel to feed home appliances. 
  
Figure 3.23: Schematic illustration of a customer service panel. 
 
3.3.2 NEV Monitoring Procedure 
The stray voltage troubleshooting procedure reported in [18], [35] can be adapted to 
the method proposed in this chapter. It consists of two main steps, which are initiated by a 
customer complaint to the utility. These steps are described as follows: 
 Step 1: Investigate the specific location where stray voltage incidents have been 
reported 
Voltage between the two contact points shall be measured across a 500 Ω resistance to 
verify whether a risk of stray voltage incident indeed exists. A minimum of 24 consecutive 
hours must be measured. Step 2 must be performed (i.e., determine customer and external 
contributions to NEV) only if voltage measured in this first step exceeds 1.0 V. 
One shall notice that, in Step 1, it is not necessary to create a reference ground for 
voltage measurements. This is because voltages are measured between the contact points that 
are causing stray voltage incidents, and such points are accessible to humans and animals. 
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 Step 2: Decouple NEV contributions (customer and external contributions) at service 
panel (point of interface between customer and utility) 
Service panel currents shall be collected, as illustrated in Figure 3.24. Three currents 
(Ia, Ib, In) must be monitored in a single-phase three-wire system. The monitoring period can 
be as short as a few hours, but one week is preferred as it is a common duration for power 
quality monitoring. A sampling rate of 64 points per cycle or even less is sufficient for 
fundamental frequency NEV monitoring. 
Collected currents are processed in the Stray Voltage Monitor, by using the method 
proposed in this chapter. The K ratio and the contribution factors can be output from the 
device/monitor at a resolution around one result per one minute. 
As already observed in Step 1, Step 2 does not require voltage measurements either. 
Only current measurements are needed. Therefore, a voltage ground reference is not 
necessary. This eliminates many requirements listed in [18], [35] that were established to 
ensure a reliable design for the reference ground rod. 
 
Figure 3.24: Measurement setup for external contribution determination. 
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3.3.3 NEV Troubleshooting Procedure 
Once measurements are collected and the NEV contributors are determined, the 
following steps should be followed: 
 Step 1 
If the external contribution is noticeably higher, the high NEV problem is caused by 
the supply system. The causes could be either unbalanced load or poor grounding condition. 
To differentiate them, the three-phase primary current at the problem site can be checked to 
determine if the load unbalance is too high. Otherwise, the problem is very likely associated 
with the poor grounding condition of the supply system at the site. 
 Step 2 
If the customer contribution is noticeably higher, one cannot conclude that the 
customer is the source of the problem. The K ratio needs to be examined first. If the K ratio is 
very small such as, say, below 0.80, a bad neutral conductor may be the cause of the problem, 
which is the responsibility of the supply system. If the K ratio is in the normal range, the 
cause of high NEV is due to the customer contribution. The cause is likely to be high load 
unbalance. In addition, if K is excessively high (say, above 0.97), the cause of high NEV is 
likely to be a high customer grounding resistance. 
It is useful to note that normal or acceptable values of the contribution factor and K 
ratio are likely dependent on utility grounding practice, house construction practice and soil 
conditions. The best way to establish such values is to perform measurements on multiple 
representative sites and to document the findings of each troubleshooting project. Once the 
normal ranges for the contribution factor and K ratio are established, they can be used as 
reference values for troubleshooting. 
3.3.4 System-Wide NEV Condition Monitoring 
The advent of smart meters has created the opportunity to monitor NEV conditions 
continuously and comparatively. The proposed method can be easily implemented in the 
smart meters. The results, contribution factors and K-ratios, can be shown in a map to help 
utility proactively manage NEV problems. These indices can be output, for instance, at the 
smart meter resolution (common resolutions are one result every 15 minutes or 1 hour). A 
hypothetic illustration of this strategy is shown in Figure 3.25, where the sizes of circles are 
proportional to the external contribution factors (or K ratios). A major advantage of such a 
system is that the contribution factors and K ratios can be compared among all customer sites 
to establish baseline values and to flag problem sites. Since NEV is a public safety issue and 
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has high visibility, this monitoring strategy could significantly boost the values and 
applications of the smart meters. 
 
 
Figure 3.25: Illustrative map of NEV contribution profile in a utility network. 
 
The smart meter and its enclosure are located at the external side of customer home, 
where it can be accessed by utility personnel. A typical meter enclosure is shown in Figure 
3.26 [36], [37]. Current transformers (CTs) shall be connected inside the enclosure to measure 
phase and neutral currents, as shown in the same figure. 
 
 
Figure 3.26: Residential customer meter enclosure. 
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An important highlight is that adding this functionality to a smart meter will require 
little modification in the enclosure setup. This is because, in a typical enclosure, currents Ia 
and Ib are already measured [36], [37]. Thus, only one additional current (In) must be 
measured to employ the proposed NEV source detection method. This can be achieved with 
an additional CT, similar to the ones employed for phase current measurements. 
Lastly, the data acquisition and processing capability of existing smart meters is likely 
to be sufficient for NEV monitoring, since only fundamental frequency currents are required, 
and these currents are already monitored in the existing smart meters. 
3.4 Summary 
The method for determining the current return ratio and that for estimating the NEV 
contribution factors have been verified in this chapter, through simulation studies. In addition, 
field measurements conducted on several houses were presented to reveal that: 
 The K ratio remains reasonably constant regardless of load current levels, load 
locations, and regardless of 240 V loads switching; 
 The proposed method can provide the behavior of NEV contributors throughout the 
day. 
Furthermore, extensive sensitivity studies were performed and obtained results have 
revealed that: 
 The NEV contribution factor and the current return ratio can be combined to identify 
the main causes of NEV rise on a given customer site, that is, severe load imbalance 
and/or poor grounding condition in the supply system; severe customer load 
imbalance and/or poor customer grounding; or the neutral conductor impedance is 
high; 
 An NEV monitoring strategy was proposed, which can be programmed on smart 
meters for system-wide monitoring of NEV conditions in secondary distribution 
networks. This will support utilities on identifying regions with NEV problems. 
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4 CHARACTERISTICS OF HIGH FREQUENCY WAVEFORM 
DISTORTIONS 
Switched-mode power electronic circuits have become a common interface between 
power systems and modern loads and generators. In recent years, power electronic conversion 
schemes that adopt more efficient switches (e.g., IGBTs and MOSFETs) have gained 
widespread acceptance by industry. These switches operate at higher frequencies and, 
therefore, can inject spectral components at very high frequencies such as tens of kilohertz. 
With the increased adoption of these modern power electronic circuits in devices that are 
connected to secondary systems, there is an increased concern on the potential power quality 
impact of such spectral components.  
Significant work has been conducted in this topic in the last decade, with the objective 
to clarify the characteristics of these distortions from various perspectives. Identification of 
high frequency waveform distortion (HFD) sources, development of standards to measure or 
limit HFD, and the power quality impact of modern power supplies under harmonic resonance 
conditions are some of the topics that have been addressed in [7], [38]-[42]. Nevertheless, 
reference [17] outlines that there is still a number of existing challenges associated with 
distortions in the frequency range between 3 and 150 kHz. In this context, to contribute with 
this developing research field, this thesis presents an investigation of the generation and 
propagation characteristics of HFD. 
4.1 High Frequency Distortions: An Overview 
The frequency range of interest is between 3 and 150 kHz (or between 2 and 150 kHz 
depending on the fundamental frequency and on the standard that is considered for low order 
harmonics), which was defined by the pioneer researches in this field. The lower limit is the 
40
th
 or the 50
th
 harmonic, which is the upper boundary of standards that address low order 
harmonic distortions (e.g., IEEE Std. 519 addresses harmonics up to the 50
th
 order and IEC 
61000-3-4 addresses harmonics up to the 40
th
 order). The upper limit is set to 150 kHz, as 
Electromagnetic Compatibility (EMC) standards (e.g., CISPR 11, CISPR 14 etc.) typically 
cover only frequencies above 150 kHz. As such, distortions in the range between 3 and 
150 kHz were not comprehensively studied yet [17] and are covered only by few standards. 
The existing literature has already reported a number of issues caused by distortions in 
this frequency range. These issues, which were mostly reported after the initial works in this 
research field (in part due to the increased awareness of the subject), include malfunction of 
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automated coffee maker and of a hair dryer due to a 5 V voltage at about 8 kHz [43], audible 
noise coming from a television [43], failure of small drives due to 1% distortions in voltage at 
the kHz range [44], interference to power line communication [45] etc. 
Several modern end user devices produce this type of distortions, such as compact 
fluorescent lamps (CFLs), light-emitting diode (LED) devices, induction cookers, computer 
power supplies, power line communication devices, photovoltaic inverters, electric vehicles 
etc. The high frequency distortions produced by these devices can be emitted through various 
different mechanisms depending on the device (high frequency switching in the front-end 
converter, high frequency switching in the load-end converter, high frequency notching etc.). 
The focus of the current study will be on those distortions emitted by front-end converters. 
More specifically, the focus will be on HFD emitted by power electronic inverters found in 
photovoltaic (PV) generators, which represent one of the main HFD sources typically 
installed in the modern secondary systems. In Chapters 4 and 5 of this thesis, these high 
frequency distortions are analyzed through field measurements, laboratory experiments, 
simulation studies and analytical derivations in three levels: device level (the PV generator 
alone and interacting with typical home appliances connected nearby), house level 
(interactions among the PV generator and an entire house with several home appliances) and 
grid level (propagation of HFDs produced by the PV generator in the distribution system, 
which is analyzed in Chapter 5). 
4.2 Mechanism of HFD Generation 
The typical topology of a photovoltaic generator is shown in Figure 4.1 [46]. The 
front-end converter consists of a DC/AC inverter used to provide AC 60 Hz voltage. As will 
be explained later, this inverter contains transistors (IGBTs or MOSFETs), which are operated 
at high frequencies, generating the high order waveform distortions. Front-end passive filters 
are installed in the circuit to mitigate such distortions. The DC/DC converter is used to adjust 
the DC-link voltage and current in order to obtain the maximum power operating point of the 
PV panel. 
The front-end inverter bridge
7
 and front-end filter will be discussed in more detail 
below since they have direct impact on the emission of HFD. The DC-side portion of the 
generator can be decoupled from the front-end (AC-side) due to the presence of the large DC-
link capacitor, which preserves the DC voltage nearly constant [47], [48]. 
                                                 
7
 In this thesis, the full inverter device (which includes the DC/DC converter, the DC/AC inverter, the front-end 
passive filter, control circuits etc.) is referred to as the inverter box or simply the inverter, while the actual PWM 
DC/AC inverter circuit is referred to as the inverter bridge. 
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Figure 4.1: Simplified circuit representing a photovoltaic generator. 
 
Modern front-end inverter bridges may have different topologies. In this theoretical 
analysis, the topology shown in Figure 4.2 will be considered, but all conclusions can be 
extended to the other topologies. In Figure 4.2, the inverter bridge (formed by switches T1, 
T2, T3 and T4) is fully controllable and the high frequency operation of switches T1, T2, T3 
and T4 create the high frequency distortions studied in this thesis. The front-end filter is 
placed to mitigate the inverter emitted distortions. A detailed analysis of this inverter bridge 
operation is provided in Chapter 8 of [49]. 
Based on modulation theory, the operating principle of a DC-AC inverter may be 
understood as the process of modulating the DC side voltage with a switching function to 
obtain the AC voltage. Mathematically, this principle can be described by (4.1), where S(t) is 
the waveform switching function determined according to the inverter bridge topology and 
modulation mechanism adopted to operate its switches [50], [51]. 
 
 
Figure 4.2: Controlled DC/AC power inverter. 
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Among many existing modulation techniques to operate inverter switches, modern 
power electronic devices generally employ the PWM scheme at high switching frequency. 
This scheme has been widely adopted due to the controllability of switches opening and 
closing instants (duty-cycle control). The PWM signal generation depends on the DC-AC 
inverter topology under study. For a full-bridge inverter (such as the one shown in Figure 4.2) 
with unipolar, three-level PWM modulation technique, the resulting switching function S(t) 
will be given by [52]: 
 
   
 
    




 















 








1 1
11
11
cos
2
sin
2
4
cos
m n
cc
n
tntm
nmMm
J
mtMtS


  (4.2) 
 
where, 
 ωc = 2πfc is the angular frequency of the carrier wave; 
 θc is the phase angle of the carrier wave; 
 ω1 = 2πf1 is the angular frequency of the modulation wave; 
 θ1 is the phase angle of the modulation wave; 
 
wavecarrierofamplitude
wavemodulationofamplitude
M  is the modulation index; 
 Jh(x) is the Bessel function of the first kind, order h. 
 
One cycle of this switching function (equation (4.2)) is shown in Figure 4.3(a). For 
this example, a 60 Hz modulating signal and a 1.8 kHz switching frequency are considered. 
This waveform is produced by chopping (“sampling”) the DC-side voltage (Vdc) in 
accordance with the PWM control used to operate the transistors. Such switching scheme, 
whose frequency spectrum is shown in Figure 4.3(b), introduces the distortions to the network 
voltage and current waveforms. 
One can notice that, for this particular modulation scheme, distortion components 
appear around even multiples of the switching frequency, which means that if the switching 
frequency is above 10 kHz, distortion components will appear above 20 kHz. In addition, for 
a perfectly sinusoidal modulation waveform, the resulting PWM signal (voltage and current) 
has only high-order distortions (as shown in Figure 4.3(b)). 
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(a) PWM signal 
 
(b) frequency spectrum 
Figure 4.3: Sinusoidal PWM signal with 1.8 kHz switching frequency. 
 
To mitigate the high frequency emissions emitted by the inverter bridge and avoid 
electromagnetic interference with other network signals, PV generators also have a front-end 
low pass filter, as shown in Figure 4.4. However, part of the emissions is still injected into the 
network (Vpcc and Ipcc signals) following equation (4.3) at each particular frequency. The PCC 
in this figure is the point where the power electronic based device is connected to the utility 
grid, for instance, the outlet of a residence. 
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Figure 4.4: Front-end controlled DC-AC inverter with front-end filter. 
Figure 4.5 presents some typical waveforms obtained from a simulation conducted in 
the Simscape Power Systems
TM
 environment [53], considering the operation of the DC-AC 
inverter bridge shown in Figure 4.4, with a 9.96 kHz switching frequency. As expected, the 
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ac-side signals Vpwm and Ipwm are obtained by sampling a reasonably constant dc-side voltage 
Vdc. These PWM signals contain a significant level of high order distortions which are 
produced by the inverter bridge (shown in Figure 4.6(a), (b)). Most of these distortions are not 
injected into the network since they are filtered by the front-end filter resulting in the voltage 
and current waveforms (Vpcc, Ipcc) presented in Figure 4.5(c). PCC signals have low distortion 
(shown in Figure 4.5(c)) and a unity power factor which cannot be achieved by using only 
diodes and thyristors. It can be seen in Figure 4.6 that, although most of the inverter produced 
distortions are filtered, PCC waveforms still contain high frequency waveform distortions. 
 
(a) signals at ac-side (Vpwm, Ipwm) 
 
(b) signals at dc-side (Vdc, Idc) 
 
(c) filtered AC signals (Vpcc, Ipcc) 
Figure 4.5: Voltage and current waveforms from PWM inverter shown in Figure 4.4. 
 
4.3 Experimental Study 
For this research, voltage and current signals have been measured at the terminal of a 
HFD source and at the service panel of residences, in the frequency band from 3 kHz to 
150 kHz. Since the interest in high frequency waveform distortions is a relatively new subject, 
there is still no standard or consensus regulating their measurements. In this research, the 
adopted procedure consists in: 1) collect the raw waveforms of voltage and current with high 
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sampling rates; 2) analyze such raw waveforms with the standard Discrete Fourier Transform 
(DFT) to determine their spectral characteristics. 
 
 
(a) Vpwm (inverter output) 
 
(b) Ipwm (inverter output) 
 
(c) Vpcc 
 
(d) Ipcc 
Figure 4.6: High frequency spectrum of waveforms at inverter output and at the PCC 
(customer outlet). 
 
4.3.1 High Frequency Waveform Distortion Source 
A 1.5 kVA commercial PV inverter was selected as the primary HFD source for the 
investigation carried out in this thesis, since it produces a significant amount of HFD and is 
expected to be widely installed in modern secondary circuits. The specific PV inverter box 
used in the laboratory measurements (which were conducted at the Electric Mobility and 
Energy Systems Laboratory of the Center for Research and Development, CPqD, in 
Campinas, Brazil) is a 220 V device, that can be connected either between two phases in a 
220 V secondary circuit or between phase and neutral in a 380 V secondary circuit. A 
Keysight N8937APV DC-source was used to emulate the PV panel. 
The full PV inverter box, as stated previously, contains more than one switched 
converter (at least one DC-DC and one DC-AC converter). Nevertheless, in this research, the 
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main interest is on the front-end DC/AC PWM inverter bridge, whose operation produces the 
HFD injected into the network, and also on the front-end low pass filter, which reduces the 
amount of HFD emissions. The front-end filter is a combination of inductances and 
capacitances that can be represented by a generic LC filter component. 
4.3.2 Measurement Device 
The data acquisition device used on the experiments was the ZES ZIMMER LMG670. 
The instrument has four data input channels and each channel is capable of measuring voltage 
and current waveforms simultaneously with a sampling rate equal to 1.2 MSample per 
second. It also features an 18-bit analog-to-digital conversion resolution, which provides 
accuracy for measuring voltages and currents magnitudes in the order of 1 mV and 1 mA [54] 
and such accuracy is sufficient for the purposes of this research (HFD characterization). Thus, 
in this research, no high-pass filter was used to attenuate the fundamental frequency (60 Hz) 
voltage. This is important since a high-pass filter would introduce distortion to the 60 Hz 
voltage, potentially invalidating the studies involving phase angle, which consider the 60 Hz 
voltage as angle reference. The phase angle is one of the factors to be analyzed in this 
research. 
4.3.3 Voltage and Current Probes 
The voltages measured within this research were collected directly by the data 
acquisition device (ZES ZIMMER LMG670), which is designed to measure up to 600 Vrms 
in steady state. 
A ZES ZIMMER WCT100 current sensor was used on current measurements. This 
sensor has a 100 A/1 A transfer ratio, can measure currents of up to 100 A, with an accuracy 
of 0.25% of the measured value for frequencies between 30 Hz and 100 kHz and with an 
accuracy of 1% of the measured value for frequencies between 100 kHz and 300 kHz. 
4.3.4 Experimental Circuit 
The schematic circuit used in the experiments, with all measurement components, is 
presented in Figure 4.7. By using this setup, a simple experiment was performed to present a 
sample spectrum of PV inverter operation. The experiment was executed with the following 
characteristics: 
 Sampling rate = 1.2 MSample/second; 
 Record duration = 106 samples (≈ 50 cycles). 
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Figure 4.7: The experiment layout for high frequency waveform distortions analysis 
(built in a laboratory from CPqD in Campinas, Brazil). 
 
Throughout this research, analyses will be performed over window lengths equal to 1 
60 Hz cycle. In this particular case, the DFT is performed over the first full cycle of the 
measurement snapshot and obtained results are shown in Figure 4.8. In this figure, one may 
notice that a noticeable HFD component appears around 20 kHz, which reveals that, in fact, 
the PV inverter is a HFD source. 
4.4 Magnitude and Angle Characteristics 
This section identifies the main characteristics of magnitude and phase angle of HFD 
components injected into the grid. 
The PV inverter was connected to the grid, switched ON and the Keysight DC-source 
was adjusted to obtain 1.0 kW output from the PV inverter, which is injected into the grid. 
During the experiment, the inverter operating condition remained unchanged. Voltage and 
current at the point of common coupling between the inverter and the grid were collected 
through the design presented in Figure 4.7 and the following settings: 
 Measurement duration = 2 minutes and 40 seconds8; 
 Sampling rate = 1.2 MSample/second; 
 Recording characteristics = 1 snapshot per 40 seconds; 
 Snapshot length = 106 samples (≈ 50 cycles); 
 Number of snapshots recorded = 5. 
                                                 
8
 This short measurement period is sufficient to uncover key characteristics of the high frequency distortions, 
because their cycle period is less than 500 µs. 
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(a) Voltage at the PCC between the PV inverter box and the grid (Vpcc) 
 
(b) Current at the PCC between the PV inverter box and the grid (Ipcc) 
 
(c) Frequency spectrum of Vpcc 
 
(d) Frequency spectrum of Ipcc 
Figure 4.8: Frequency spectra of voltage and current for commercial PV inverter. 
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Once the measurement data collection is completed, DFT is performed on 1-cycle 
windows of the collected data (there are 49 1-cycle windows per snapshot). Therefore, 49 data 
points were created every 40 seconds, leading to 245 data points for the entire measurement. 
Figure 4.9 presents the magnitude and phase angle of the 60 Hz signals (voltage and current) 
during the measurement period. The 60 Hz voltage was adopted as the phase angle reference. 
It can be observed that the voltage and current remain nearly constant ( VVpcc  0.08.232 , 
AI pcc  9.123.4 ), which indicates steady state operation. 
 
(a) 60 Hz voltage profile 
 
(b) 60 Hz current profile 
Figure 4.9: Voltage and current profile at fundamental frequency. 
 
The behavior of the dominant HFD component produced by the PV inverter is shown 
in Figure 4.10. In this chapter, results and analyses are performed by considering only the 
dominant HFD component (largest frequency component between 3 and 150 kHz); however, 
detailed studies have shown that all findings can also be extended to the other high frequency 
components. 
 
(a) high frequency voltage profile 
 
(b) high frequency current profile 
Figure 4.10: Voltage and current profile of dominant high frequency component. 
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Two important findings may be extracted from the previously presented results: 
 The distortion magnitude remains constant in time; 
 The distortion phase angle presents a high variability (high standard deviation) during 
the measurement period, which can be verified through the polar plot presented in 
Figure 4.11. 
These findings are further explored and justified in the following subsections. 
 
 
(a) high frequency voltage profile 
 
(b) high frequency current profile 
Figure 4.11: Polar profile of dominant high frequency component. 
 
4.4.1 Magnitude Analysis 
The behavior of HFD voltage and current magnitude is analyzed first. For this 
purpose, a laboratory experiment was conducted at the Center for Research and Development 
(CPqD), Campinas, Brazil, by considering different inductances between a power outlet and 
the PV inverter, which represent the inverter operating at different network locations 
(different background impedances). 
The simplified measurement setup is shown in Figure 4.12. Two pieces of inductor 
were used in the experiment, one with 1.0 mH and one with 2.1 mH. Three scenarios were 
considered, one without any inductance between the inverter and the grid, one with 1.0 mH 
inductance and one with 2.1 mH inductance. For each scenario, voltage and current signals 
were recorded at the PV inverter output with the same settings employed in the previous 
experiment, that is: 
 Measurement duration = 2 minutes and 40 seconds; 
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 Sampling rate = 1.2 MSample/second; 
 Recording characteristics = 1 snapshot per 40 seconds; 
 Snapshot length = 106 samples (≈ 50 cycles); 
 Number of snapshots recorded = 5. 
Each recorded snapshot produces 49 data points (for voltage and current); therefore, 
245 data points were produced from this measurement. Because HFD magnitude is roughly 
constant in time (as formerly presented in Figure 4.11), the obtained results can be condensed 
through statistical average. Table 4.1 shows the HFD magnitude average of voltage and 
current for the three different inductance values (0.0, 1.0, 2.1 mH). 
Results reveal that: 
 Different grid-side impedances (the extra inductance is added to the grid-side 
impedance) lead to different HFD voltage and current levels injected by the PV 
inverter with the current being affected more significantly. 
 
Figure 4.12: Schematic circuit for HFD magnitude characterization. 
 
Table 4.1: Magnitude behavior of the dominant HFD for different inductance values (L). 
Case 
Ipcc Vpcc 
Value 
(A) 
Variation with 
respect to Case 1 (%) 
Value 
(V) 
Variation with 
respect to Case 1 (%) 
1 (L = 0.0 mH) 0.025 --- 0.218 --- 
2 (L = 1.0 mH) 0.003 -88.0 0.051 -76.6 
3 (L = 2.1 mH) 0.001 -96.0 0.049 -77.5 
 
Such behavior is different from the traditional practice of modelling harmonic sources 
as independent current sources. If the PV inverter had a current source characteristic (Figure 
4.13(a)), its harmonic current emission would remain constant regardless of the inductance L 
between device terminals and the grid. In addition, the HFD voltage (Vpcc) would be very high 
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because the inductive reactance increases linearly with frequency and, as such, is high at the 
frequencies under study. On the other hand, this behavior can be explained if one considers 
that the PV inverter behavior resembles a voltage source (Figure 4.13(b)): a larger inductance 
L modifies the terminal HFD current (Ipcc) and the terminal HFD voltage (Vpcc). 
 
(a) current source model 
 
(b) voltage source model 
Figure 4.13: Current source vs voltage source models for high frequency waveform 
distortions. 
 
Based on this finding, one can infer that the predominantly inductive characteristic of 
the distribution grid is likely to create a high impedance path for HFD and, therefore, limit 
their penetration into the grid. 
A detailed development of an electric circuit model for high frequency waveform 
distortions is presented later in Chapter 5. 
4.4.2 Phase Angle Analysis 
Phase angle of a high frequency waveform distortion component has high variability. 
This behavior (also observed for the other measurements collected during the research) can be 
explained by two main reasons. First and foremost, the high frequency distortion is not an 
integer multiple (i.e., a harmonic frequency) of the fundamental frequency and, because of 
that, the phase angle of the high frequency waveform with respect to the fundamental 
frequency is different in different time windows. However, even in a device where the 
switching frequency is set to be an exact integer multiple of the fundamental frequency 
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(60 Hz), the HFD phase angle is likely to present high variability, because it is highly 
sensitive to small changes in the PWM converter operation. In this subsection, simulation 
studies are presented to identify which circuit parameters feature a more pronounced impact 
on the phase angle behavior (the switching frequency is assumed to be an integer multiple of 
60 Hz). 
The circuit presented in Figure 4.14 is considered in the simulations, which are 
conducted in the Simscape Power Systems
TM
 environment. This circuit consists of a Thévenin 
equivalent of the grid, interconnected with a power electronic based device with front-end 
PWM inverter (i.e., a HFD source such as the PV generator). In this study, voltage and current 
measurements were recorded at the PCC (point of common coupling), and the 60 Hz voltage 
at the PCC is selected as phase angle reference. Circuit parameters are shown in Table 4.2. 
Sensitivity studies are conducted by considering all variables of the PWM control in 
order to determine which parameters present significant influence on the phase angle of high 
frequency waveform distortion components. The analyzed parameters are: 
 fc: frequency of the carrier wave; 
 θc: phase angle of the carrier wave; 
 f1: frequency of the modulation wave; 
 θ1: phase angle of the modulation wave; 
 M: modulation index. 
 
 
Figure 4.14: Simulated circuit. 
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Table 4.2: Parameters of the simulated circuit. 
Components Items Value 
Grid side Grid side voltage source Vgrid 
Grid side impedance Zgrid 
220 Vrms 
0.83+j0.021 Ω @60Hz 
LC Filter Inverter side inductor L 
Shunt capacitor C 
4.0 mH 
3.3 μF 
PWM Inverter Triangle carrier angular frequency fc 
Modulation frequency f1 
Modulation index M 
Modulation angle θ1 
9.96 kHz 
60 Hz 
0.903 
1.8 deg 
DC-link DC voltage Vdc 350 V 
Measurement Sampling rate 1 MSample/second 
 
Small changes are applied to each of the above parameters, and it is observed whether 
it leads to significant changes on the high frequency phase angle or not. In this study, the 
applied changes are less than 0.1% of the original value. The overall analysis procedure is: 
1. A simulation is performed with the parameter values shown in Table 4.3 for 200 ms 
(i.e., 12 fundamental frequency cycles); 
2. DFT is performed on all 12 cycles of the voltage and current waveforms at the PCC, 
considering 1-cycle windows. Thus, 12 frequency spectra are obtained (each spectrum 
corresponds to 1 60 Hz cycle); 
3. Characteristics (magnitude and phase angle) of 60 Hz and dominant HFD component 
(19.86 kHz) are stored. The 60 Hz voltage phase angle is selected as angle reference. 
Obtained results are shown in Table 4.3, from which the following findings may be 
outlined: 
 Carrier wave frequency (fc): This variable is likely to be the main source of HFD 
angle variation. A slight change in fc leads to large phase angle variations of HFD 
components without affecting the magnitudes of 60 Hz and HFD signals (Figure 
4.15(a)); 
 Modulation wave frequency (f1): This variable can be ruled out as the cause of angle 
variability because slight f1 variations affect significantly the magnitude of 60 Hz 
signal (Figure 4.15(b)) and this behavior is not in accordance with measurement 
results presented in Figure 4.9; 
 Carrier wave phase angle, modulation wave phase angle and modulation index 
(θc, θ1 and M): These are not the main factors responsible for phase angle randomness 
due to their reduced influence on HF components. 
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Table 4.3: Sensitivity studies regarding phase angle behavior of high frequency 
waveform distortions. 
Parameter Base value Absolute 
variation 
Relative variation 
(%)
9
 
Results (HF angle 
deviation) 
fc 9960 Hz ± 1.00 Hz ± 0.01 720 deg./sec 
θc 0.00 deg ± 0.10 deg ± 0.03 0.2 deg. (constant) 
f1 60.0 Hz ± 0.05 Hz ± 0.08 1500 deg./sec 
θ1 1.0 deg ± 0.10 deg ± 0.03 8.0 deg. (constant) 
M 0.816 ± 0.0005 ± 0.06 4.0 deg. (constant) 
 
 
(a) carrier wave frequency (fc) 
 
(b) modulation wave frequency (f1) 
Figure 4.15: Simulation analysis of high frequency angle sensitivity (voltage signal). 
 
To further verify the above conclusion, Figure 4.16 presents the results of a 1.5 second 
simulation where fc is randomly varied between 9959 Hz and 9961 Hz during the simulation, 
that is, fc = 9960±1 Hz. These results show that the HFD magnitude is roughly constant while 
the phase angle presents a wide variation, which is in accordance with the PV inverter 
measurement results previously obtained. 
A detailed literature review has revealed a number of factors that may cause the 
switching frequency variations on PWM converters. Some of these factors are summarized as 
follows [55]: 
 Temperature: In general, crystal oscillators exhibit a cubic dependence between 
frequency and temperature. This frequency-temperature curve depends on several 
factors such as crystal cut characteristics, the angle between crystal wafer and crystal 
axis etc.; 
 
                                                 
9
 For parameters f1, fc and M the relative variation is determined by the ratio between parameter variation and the 
base case value. For parameters θ1 and θc, the relative variation is determined by the ratio between parameter 
variation and 360 degrees (1 complete turn). 
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(a) fundamental frequency and dominant HF 
waveform distortion 
 
(b) magnitude and phase angle of dominant 
HF waveform distortion 
Figure 4.16: Sample simulation results with small deviations on switching frequency. 
 
 Aging: Crystal operational time may also impact its frequency. There are different 
types of aging effects, whose impacts may be observed in few minutes (thermal 
gradient effects associated with the initial transients of the device) or in several years 
(crystal structure change); 
 Drive level: The oscillator frequency also depends on the crystal electric current (also 
called drive level) squared. This current is the alternating current that flows through 
the crystal; 
 Thermal hysteresis: The frequency-temperature characteristic of a quartz crystal 
resonator does not duplicate exactly upon temperature cycling. In reality, the up and 
down frequency cycles are slightly different. 
4.5 High Frequency Distortion Cancellation 
Although the high phase angle variability found in high frequency distortions suggests 
the occurrence of HFD cancellation when multiple HFD sources operate together, it is 
unlikely that this phenomenon will occur in practice, due to the unique operating frequencies 
of HFD sources. Even identical HFD sources emit distortions at different frequencies, thus, 
eliminating the occurrence of HFD cancelation. 
Therefore, the polar plot (shown in Figure 4.11), typically used in low frequency 
harmonic studies, is not an adequate tool to analyze HFD produced by PWM-based devices. 
The polar plot indicates HFD distortions have highly diverse phase angles, suggesting the 
existence of distortions cancelation; however, in practice, such cancelation does not occur. 
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4.6 High Frequency Distortion Propagation 
The propagation of HFD can be studied in three different levels: 
 Device level: propagation of HFD among typical home appliances connected nearby 
an HFD source; 
 House level: propagation of HFD from the house to the distribution system (monitored 
at the house service panel); 
 System level: propagation of HFD from the house service panel to the primary 
distribution system. 
This section addresses the device and house levels (through laboratory and field 
measurements) and Chapter 5 addresses the system level (through computer simulations, 
because it was not possible to conduct field measurements on the distribution circuit). 
4.6.1 HFD Propagation at Device Level (Sinking Effect) 
When the PV generator is connected close to other home appliances, part of the HFD 
emissions injected by the PV inverter can be sunk by the neighboring appliances rather than 
injected into the utility grid, especially if these neighboring appliances contain front-end 
filters. Such filters are usually composed of shunt capacitors, which create a low impedance 
path at higher frequencies and, as such, prevent part of HFD emissions from being injected 
into the utility grid. This is shown in Figure 4.17, where the PV generator is the only HFD 
source at frequency f1 (i.e., V2(f1) = 0). Part of the HFD current injected by the PV generator is 
sunk by Appliance #1 and only the remaining portion of the distortions is able to propagate 
into the grid. 
 
  
Figure 4.17: Schematic circuit to illustrate the harmonic sinking effect. 
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At frequency f1, the magnitude of the current injected into the grid is given by: 
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where the impedances Z2, Zgrid and the currents Igrid, Ipv are presented in Figure 4.17. 
By assuming that the grid impedance is purely inductive at high frequency f1 (i.e., 
Zgrid(f1) ≈ jXgrid(f1), and Xgrid(f1) > 0) and that Z2 = R2 + jX2, |Igrid| will be smaller than |Ipv| 
when: 
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Otherwise, |Igrid| will be larger than |Ipv|. 
Particularly, if Appliance #1 has a front-end filter with low impedance (such as a large 
front-end shunt capacitance), the HFD current injected into the utility grid (Igrid) will approach 
zero, that is: 
 
002  gridIZ  (4.6) 
Laboratory experiments were conducted at the Center for Research and Development 
(CPqD) in Campinas, Brazil to investigate in more detail the characteristics of this HFD 
sinking effect in typical home appliances. The measurement setup used in all the following 
case studies is shown in Figure 4.18. 
Prior to connecting a nearby appliance, the PV inverter was measured operating alone, 
injecting 1.0 kW into the utility grid. During this measurement, the average HFD current 
injected around 20 kHz was 0.027 A and the average HFD voltage was 0.285 V. 
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Figure 4.18: Laboratory measurement setup used to investigate HFD propagation at 
device level. 
 
Case Study 1: PV inverter operating in parallel with an LED lamp 
 
The first studied appliance was an 80 W LED lamp. It was switched ON in parallel 
with the PV inverter, which was injecting 1.0 kW during the experiment. Figure 4.19 presents 
the behavior of HFD currents collected during the measurement and Table 4.4 shows the 
average magnitude of these currents. It may be seen that the condition expressed in (4.5) is 
satisfied; the current flowing into the supply system is approximately 85% of the current 
injected by the PV inverter box (after flowing through the front-end filter of such device). The 
average voltage at the point of interconnection with the grid (Vgrid) is 0.334 V. 
 
 
Figure 4.19: Behavior of HFD currents during operation of PV inverter and LED lamp. 
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Table 4.4: HFD emitted by a commercial PV inverter (around 18 kHz) and sunk by an 
LED lamp. 
Appliance #1 Ipv (A) Igrid (A) Iother (A) Igrid/Ipv (%) 
LED lamp 0.038 0.032 0.057 84.21 
 
Another result observed in Table 4.4 is that the PV current Ipv is larger than the current 
observed when the PV generator was operating alone (0.027 A). This is because the low 
impedance path added to the circuit by the LED lamp connection reduces the equivalent 
impedance seen by the PV generator and, as a result, increases the HFD current injected into 
the circuit (voltage source like behavior). 
 
Case Study 2: PV inverter operating in parallel with two appliances (LED lamp + Laptop) 
 
The percentage of HFD current that is sunk by the neighboring appliances increases to 
almost 50% of the current injected by the PV generator when the experiment is repeated with 
a laptop (Appliance #2) connected in parallel with the PV inverter and the LED lamp. The 
HFD current behavior during the measurement with this scenario and the average value of the 
HFD currents can be seen in Figure 4.20 and in Table 4.5, respectively, where Iother is the total 
current flowing through the LED lamp and the laptop. This result indicates that the laptop 
connection causes a reduction in the equivalent impedance of the neighboring appliances 
(reduction in Z2 in Figure 4.17), which strengthens the sinking effect. Another indication of 
this equivalent impedance reduction is that the total HFD current injected into the grid by the 
PV generator has further increased once compared with the Ipv value found in Case Study 1. 
 
Figure 4.20: Behavior of HFD currents during operation of PV inverter, LED lamp and 
laptop. 
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Table 4.5: HFD emitted by a commercial PV inverter (around 18 kHz) and sunk by an 
LED lamp and a laptop. 
Appliance #1 + 
Appliance #2 
Ipv (A) Igrid (A) Iother (A) Igrid / Ipv (%) 
LED lamp + laptop 0.063 0.034 0.086 53.97 
 
In this second case study, the average voltage at the point of interconnection with the 
grid (Vgrid) is 0.357 V. 
 
Case Study 3: PV inverter operating in parallel with other appliances 
 
The HFD sinking characteristic observed in the previous case studies is not observed 
for all home appliances. In fact, the opposite effect can be observed for other typical home 
appliances, such as those presented in Table 4.6. The equivalent high-frequency impedance of 
these devices has a capacitive characteristic but does not satisfy the condition expressed in 
(4.5). Consequently, the HFD current that propagates into the grid is greater than or equal to 
the HFD current injected by the PV generator. Also, the HFD current injected by the PV 
generator (Ipv) is smaller than this same current measured in case studies 1 and 2. The average 
voltage Vgrid for all appliances measured in this case study is also provided in Table 4.6. 
 
Table 4.6: HFD emitted by a commercial PV inverter (around 18 kHz) and sunk by 
different appliances. 
Appliance #1 (status) Ipv (A) Igrid (A) Iother (A) Igrid / Ipv (%) Vgrid (V) 
TV (standby) 0.026 0.033 0.049 126.9 0.339 
TV (ON) 0.029 0.028 0.012 96.55 0.293 
DVD (standby) 0.025 0.028 0.003 112.0 0.289 
DVD (ON) 0.026 0.029 0.003 111.5 0.299 
Cellphone charger (standby) 0.028 0.028 0.000 100.0 0.287 
Cellphone charger (ON) 0.028 0.028 0.005 100.0 0.292 
 
In view of the conflict between sinking characteristics of different home appliances, it 
remains unclear what is the high frequency characteristic of one entire house (with multiple 
appliances in operation). To address this concern, the following subsection presents an 
investigation of HFD propagation at a house service panel, where the PV generator is 
connected in parallel with an actual house (with multiple appliances). 
4.6.2 HFD Propagation at House Level 
This subsection investigates the propagation of HFD into the utility grid, when a 
5 kWp, 220 V, PV generator is connected between two phases of the service panel of an 
actual house. 
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4.6.2.1 Measurement Setup 
The PV generator is connected directly to the service panel between phases A and B of 
an actual house in the district of Barão Geraldo, Campinas, Brazil, as illustrated in Figure 
4.21. The total current flowing through phases A and B of the service panel, the PV generator 
current and the voltage at PV generator terminals (between phases A and B) were measured as 
shown in Figure 4.22. During the measurement, a 10
6
 sample snapshot (nearly 50 60 Hz 
cycles) was collected every 40 seconds and the data acquisition system was the same 
employed in the laboratory measurements presented previously. Two time periods around 
midday were monitored in order to capture different operating conditions of the home 
appliances. Time Period 1 was from 12:07pm to 01:07pm and Time Period 2 was from 
01:20pm to 01:33pm. 
Prior to conducting the measurement, the PV generator was disconnected from the 
circuit and Igrid_a, Igrid_b were monitored. No background distortion was found around 18 kHz, 
which is the frequency in which this PV generator produces the largest (dominant) high-
frequency distortion. The same procedure was undertaken after the two measurement periods 
and, again, no background distortion was found around 18 kHz. Therefore, the utility grid and 
the house are assumed to behave as simple impedances in this frequency during the 
measurement study, as shown in Figure 4.23. Currents flowing into the house (Ihs_a and Ihs_b) 
are calculated as in (4.7). 
 
Figure 4.21: Illustration of PV generator location in the residential circuit. 
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Figure 4.22: Schematic setup of service panel measurement. 
 
 
Figure 4.23: Schematic circuit to illustrate the measured currents (in blue) and the 
calculated currents (in red). 
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(4.7) 
4.6.2.2 Measurement Results and Analyses 
Prior to analyzing the HFD propagation results, Figure 4.24 presents sample spectra of 
the three currents collected during the measurement. The HFD injected by the PV generator is 
highlighted in the figure and the distortion in this frequency is due to the PV generator 
because it was not present before the generator was connected to the circuit. 
Unlike the theoretical frequency spectrum shown in Figure 4.6 where distortions 
produced by the PWM inverter are observed in different frequencies, HFD currents in 
frequencies in multiples of 18 kHz are not significant in the spectra of Figure 4.24. The most 
likely reason is that the combination of grid and house impedances at higher frequencies 
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(above 30 kHz) results in an equivalent impedance that is sufficiently high to attenuate these 
HFD. 
 
 
(a) HFD current at phase A (Igrid_a) 
 
(b) HFD current at phase B (Igrid_b) 
 
(c) HFD current injected by the PV generator (Ipv) 
Figure 4.24: Sample high frequency spectra of currents measured at the house service 
panel. 
 
For the two measurement periods, the average of the dominant high-frequency 
component (which is at 18 kHz) found in the monitored currents is presented in Table 4.7 and 
in Table 4.8. For the sake of reference, the average power injected by the PV generator and 
the average power consumed by phases A and B of the residence at fundamental frequency, 
during the measurement periods, are also provided. The current flowing through phases A and 
B into the house (Ihs_a and Ihs_b, respectively), which can be calculated as in (4.7), are also 
included in Table 4.7 and in Table 4.8.  
In phase A, the percentage of HFD that propagates to the grid is found to be close to 
80% during Test Period 1 and close to 30% during Test Period 2. These results suggest that 
when multiple appliances (e.g., one entire house) are connected in parallel with the PV  
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Table 4.7: HFD measurements at house service panel (dominant HFD component, 
18 kHz) – phase A. 
Characteristic Time Period 1 Time Period 2 
HFD current injected by PV, HFD of Ipv (A) 0.019 0.031 
HFD current injected into the grid, phase A, 
HFD of Igrid_a (A) 
0.015 0.010 
HFD current injected into the house, phase A, 
HFD of Ihs_a (A) 
0.015 0.025 
Percentage of HFD current injected into the 
grid, phase A, Igrid_a/Ipv (%) 
78.95 32.26 
House demand at 60 Hz, phase A (W) 566.77 1219.83 
Power injected by PV generator at 60 Hz (W) 3374.86 2987.95 
 
Table 4.8: HFD measurements at house service panel (dominant HFD component, 
18 kHz) – phase B. 
Characteristic Time Period 1 Time Period 2 
HFD current injected by PV, HFD of Ipv (A) 0.019 0.031 
HFD current injected into the grid, phase B, 
HFD of Igrid_b (A) 
0.022 0.022 
HFD current injected into the house, phase B, 
HFD of Ihs_b (A) 
0.004 0.016 
Percentage of HFD current injected into the 
grid, phase B, Igrid_b/Ipv (%) 
114.57 71.97 
House demand at 60 Hz, phase B (W) 6.62 30.39 
Power injected by PV generator at 60 Hz (W) 3374.86 2987.95 
 
generator, the sinking effect can indeed be strengthened, thus, leading to lower HFD 
propagation rates. Crucially, HFD sinking becomes more pronounced as the number of 
appliances with front-end low-pass filters increases, because these filters provide a low 
impedance path for HFD currents. This is a very important finding; it outlines a behavior that 
is different from the one observed with low-frequency distortions, where load (home 
appliances) impedance is generally much larger than grid impedance and, therefore, harmonic 
distortions flow mostly to the grid rather than to the load (home appliances). 
Although in Table 4.7 the percentage of HFD sinking increases with the load demand 
in Phase A, the extensive experiments performed during this research have not revealed a 
strong correlation between HFD sinking and the power consumption of the devices. Front-end 
filters generally found in power electronic-based appliances have low impedance at high-
frequencies and this characteristic dominates their high-frequency equivalent impedance, 
regardless of their power consumption. It is, therefore, expected that the equivalent high-
frequency impedance of the house will depend more on which appliances are connected to the 
network than on their actual power consumption. 
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The house load in phase B is low, as shown in Table 4.8, which means that there are 
few appliances connected to the circuit in this phase. Nevertheless, in Time Period 2, the 
percentage of HFD that flows into the house rather than into the grid is similar to the 
percentage observed for phase A in Time Period 1, where the load is 20 times larger than the 
load in phase B. This result further confirms that the percentage of HFD sinking in a house 
service panel will depend more on which appliances are connected to the network than on 
their actual power consumption. 
Finally, the HFD voltage at the point of interconnection of the PV generator with the 
system (HFD voltage between phases A and B) is 0.150 V in Time Period 1 and 0.141 V in 
Time Period 2. 
4.7 Summary 
This chapter has investigated and identified various characteristics of high frequency 
waveform distortions. The main findings are summarized below: 
 The magnitude of the HFD current injected by a HFD source is greatly affected by the 
background impedance of the utility grid. This finding suggests that HFD sources do 
not behave as a high frequency current source. In fact, as will be confirmed in the 
following chapter, their behavior is closer to a voltage source. Therefore, higher 
background impedances can reduce the magnitudes of HFD currents injected into the 
grid; 
 The phase angles of HFD components have high variability even when a HFD source 
is in steady state operation. In fact, the phase angles exhibit almost random 
characteristics. This is because the HFD component is not an integer multiple of the 
fundamental frequency (is not a harmonic frequency) and the PWM switching 
frequency is not precisely constant, it experiences small variations. The high 
frequency phase angle is very sensitive to these variations; 
 The HFD cancellation among multiple HFD sources is not expected to be common in 
practice (in spite of the high phase angle variability), due to the unique operating 
frequencies of HFD sources. Even identical HFD sources emit distortions at different 
frequencies; 
 The front-end filter of a device that emits HFD is designed to filter the HFD produced 
by the device itself. It was found that this filter can also sink HFD generated by other 
devices in the circuit. This is named HFD sinking effect. Measurements carried out 
during this research have shown cases where almost 70% HFD current emitted by a 
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given device can be sunk by nearby devices, with the remaining current propagating to 
the utility grid. The HFD current flowing through a nearby appliance with a front-end 
low-pass filter may be more than twice the HFD current injected into the grid; 
 The behavior of appliances that are not HFD sources and do not have a front-end low-
pass filter depends on the characteristic of each specific appliance. Experiments 
performed in an environment with only 1 HFD device and 1 regular appliance have 
shown that while some appliances can sink part of the HFD current emissions, the 
effect of other appliances is to increase the HFD current injected into the grid with 
respect to the HFD current injected by the HFD source (i.e., more than 100% of 
propagation); 
 The collective effect of multiple appliances operating in parallel with an HFD source 
(e.g., an entire house connected in parallel with a PV generator at the house service 
panel) was also investigated and it was found that as much as 70% of the HFD current 
injected by the HFD source is sunk by the home appliances and does not reach the 
utility grid. Therefore, overall, the HFD sinking effect is expected to limit HFD 
propagation from sources to the utility grid. Figure 4.25 shows the typical scenario of 
a residential home where several appliances operate in parallel with the PV generator. 
Part of the HFD produced by the PV generator is sunk by Appliances 2, 3 and 4 
through its impedances. The remaining HFD current flows into the utility grid.  
 
 
Figure 4.25: Real case with HFD cancellation and sinking effects. 
 
It must be highlighted that the HFD characterization presented in this chapter is valid 
not only for distortions produced by PV inverters but also for HFD produced by any end-user 
device with a front-end PWM converter, such as some electric vehicles and backup power 
supplies. 
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5 MODEL OF HIGH FREQUENCY DISTORTIONS PRODUCED BY 
PV INVERTERS AND PENETRATION TO PRIMARY SYSTEMS 
This chapter presents a circuit model to represent the HFD emission from photovoltaic 
inverters. The circuit model is developed based on the mechanism of HFD generation. 
Simulation studies and lab experiments are presented to validate the model. Then, this model 
is employed to investigate the characteristics of HFD propagation from a house service panel 
to primary distribution networks. The findings are obtained through simulation studies in a 
simplified representation of a distribution system. 
5.1 Circuit Model to Represent HFD Sources 
According to the generic topology of the front-end circuit of a PV generator (shown in 
Figure 5.1), the high frequency waveform distortion modelling consists of two steps: 
1. Properly model the front-end PWM inverter bridge that has an HFD source 
characteristic; 
2. Model the front-end low-pass filter that has a frequency-dependent impedance 
characteristic. 
 
Figure 5.1: Appliance with front-end PWM AC/DC converter and filter. 
 
Step 2 can be easily achieved once the filter topology and parameters are obtained. 
The following is a discussion on how to properly model the inverter bridge (Step 1). It has 
been previously shown in Section 4.2 that the output voltage of a PWM inverter bridge can be 
expressed as: 
     tStVtV dcpwm   (5.1) 
where, 
 S(t) is the time-domain representation of the switching function; 
 Vdc(t) is the DC-link voltage. 
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If Vdc is assumed constant (later in the verification studies, this is proved to be a 
reasonable assumption), Vpwm will feature the same waveshape of the switching function S, 
which is determined by the converter topology and modulation parameters. This implies that 
Vpwm is independent of the HFD parameters of the grid, and can be modeled as a constant 
voltage source at each high frequency. By combining the PWM converter with the front-end 
filter, the equivalent circuit model of a PV generator at high frequencies is a Thévenin circuit 
that consists of Vpv(f) and Zpv(f) in series, as shown in Figure 5.2. 
 
Figure 5.2: Circuit model for high frequency waveform studies. 
 
Although this finding is expected once the PWM circuit is examined, the implication 
is still very important. Harmonic sources are traditionally modeled as current sources and, as a 
result, the harmonic voltages produced by a device will increase if the system impedance is 
higher, such as that in resonance conditions. For the high frequency distortions, the PV 
inverter actually behaves as a voltage source behind the filter impedance. As a result, the HFD 
impact on voltage is significantly less. This is one of the reasons why high frequency 
distortions have not yet caused noticeable problems to power systems. 
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One may argue that, because of the filter impedance, the entire PV inverter box can be 
equally modeled by a Thévenin or a Norton equivalent circuit and, therefore, it is not 
important to determine the actual model of the power electronic converter with high 
frequency PWM switching (PV inverter bridge). However, as visualized in Figure 5.3, the 
equivalent impedance of the front-end filter found in the PV inverter box, seen from the utility 
grid perspective, depends on the characteristic of the PV inverter bridge. If the PV inverter 
bridge has a voltage source characteristic, the equivalent filter impedance seen from the utility 
grid will be the parallel association of the inductor impedance with the capacitor impedance. 
On the other hand, if the PV inverter bridge has a current source characteristic, the capacitor 
and inductor location in the filter must be swapped and the equivalent filter impedance seen 
from the utility grid will be the addition of the inductor and capacitor impedances. 
 
(a) PV inverter bridge with a voltage source characteristic 
 
(b) PV inverter bridge with a current source characteristic 
Figure 5.3: Equivalent impedance of the front-end filter, seen from the grid, for 
different modeling approaches of the PV inverter bridge. 
 
5.1.1 Verification Study – Simulation 
The studied circuit is the one shown in Figure 5.4, which resembles a commercial PV 
inverter. More specifically, the H6-type PWM inverter bridge shown in Figure 5.4 is the 
topology implemented in the commercial inverter that has been used in all laboratory 
experiments conducted in this research. A description of the PWM modulating technique 
employed to control the six switches is provided in [56], [57] and the corresponding switching 
function S(t) is: 
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The power electronic circuit that represents the inverter box (DC source, DC/DC 
converter, DC/AC converter and filter) is connected to a 220 V, single-phase grid, represented 
by a voltage source (Vgrid) with non-zero internal impedance (Zgrid). This equivalent circuit 
(Vgrid, Zgrid) represents, for instance, the service panel of a house. Modulation index and 
modulation angle of the PWM switching of the DC/AC inverter bridge are adjusted to obtain 
an inverter with 1300 W power generation and unity power factor. The main circuit 
parameters are shown in Table 5.1. 
Two simulation models are used in this study, which is carried out in the Simscape 
Power Systems
TM
 environment. First, one model is implemented by considering the detailed 
operation of a PV inverter. The actual power electronic switches of the boost DC/DC 
converter and of the DC/AC inverter are considered, as shown in Figure 5.4, and a PWM 
switching strategy is implemented. The second model, shown in Figure 5.5, is developed by 
considering the proposed HFD equivalent circuit. In this model, the PWM bridge inverter and 
the DC-link elements of Figure 5.4 are replaced by a sum of voltage sources (one independent 
voltage source at each frequency). The voltage source parameters are calculated by using 
(5.1), where the switching function is given by (5.2). The DC-link voltage (Vdc) is assumed to 
be constant and equal to 350 V since, in the first model (detailed model), the resulting Vdc was 
350 V with less than 3.0% ripple. 
 
Figure 5.4: Schematic circuit for simulation of the “Detailed Model”. 
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Table 5.1: Parameters of the simulated circuit 
Components Items Value 
Grid side Grid side voltage source Vgrid 
Grid side impedance Zgrid (@60Hz) 
220 Vrms 
0.83+j0.021 Ω  
LC Filter Inverter side inductor L 
Shunt capacitor C 
4.0 mH 
3.3 μF 
PWM Inverter Triangle carrier angular frequency fc 
Modulation frequency f1 
Modulation index M 
Modulation angle θ1 
20.0 kHz 
60 Hz 
0.895 
0.03 deg 
DC-link DC-link capacitor Cdc 
DC-link voltage Vdc 
1000 μF 
350 V 
Data acquisition Sampling rate 1 MSample/second 
 
 
Figure 5.5: Schematic circuit for simulation of the “Proposed model”. 
 
The effectiveness of the voltage source model can be verified by comparing the HFD 
component found in Ipcc (current at the point of common coupling) obtained from both 
simulation models. Such comparison is carried out for two case studies: 
 Case study 1: the background HFD voltage distortion is increased from 0 to 1.0 Vrms, 
in steps of 0.25 Vrms, at frequency 20.06 kHz (one of the largest high-frequency 
components in this study). These distortion levels are significant since the HFD 
voltage at PCC is around 0.5 Vrms in the base case (with no background distortion); 
 Case study 2: the background inductance is increased from 0.055 mH to 0.155 mH, in 
steps of 0.025 mH. This represents a 200% increase in this inductance. 
Since this research is focused on the steady-state model only, the PWM modulation 
parameters M and θ were assumed constant for both case studies (the control system was not 
included). The M and θ parameters were selected so that the appliance could operate at the 
same power level on all simulations. In addition, for each scenario, 200 ms simulations were 
performed. Then, DFT analysis was performed on every fundamental frequency cycle of the 
monitored signals and the average results are presented below. 
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Simulation results obtained for Case study 1 are shown in Figure 5.6(a). Only the 
20.06 kHz component of Ipcc is presented. Results from the voltage source model match 
precisely the detailed model, even when the background distortion level is changed 
significantly. The background equivalent impedance is changed in Case study 2 to obtain 
new operating points. The new simulation results are presented in Figure 5.6(b), where one 
can also notice a very good match between the “Detailed model” and the “Proposed model”. 
Overall, such results confirm that, if the PWM inverter circuit is replaced by a composition 
(sum) of ideal voltage sources at each frequency, the same injected distortion levels will be 
obtained, i.e., the proposed equivalent circuit model is adequate to study an HFD source. 
 
(a) Case study 1: Changes on grid HFD 
voltage distortion 
 
(b) Case study 2: Changes on grid 
equivalent inductance 
Figure 5.6: Dominant high-frequency distortion component of Ipcc (20.06 kHz). 
 
5.1.2 Verification Study – Laboratory Experiment 
The proposed model was also validated through laboratory experiments conducted in 
the Center for Research and Development (CPqD) in Campinas, Brazil.  
Tests have been performed on the 1.5 kWp, 220 V, single-phase, commercial, 
photovoltaic inverter used in the laboratory experiments of this thesis. A Keysight 
N8937APV DC-source was used to emulate the PV panel. The ZES ZIMMER LMG670 data 
acquisition device, with an 18-bit analog-to-digital converter and 1.2 MSample/second 
sampling rate, was used for data recording. 
In the verification experiment, it was not possible to include high-frequency 
distortions in the background voltage signal. Instead, the network impedance was modified as 
an alternative means of obtaining different grid operating conditions. The grid impedance was 
changed by connecting an inductance between the power outlet and the PV inverter box, as 
shown in Figure 5.7. Three different inductances (0.0, 1.0 and 2.1 mH) and five PV power 
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output levels (from 500 W to 1500 W) have been considered in the tests. For each 
combination of inductance + PV power injection, the PWM voltage at the AC-side of the 
inverter bridge (Vpwm), as well as voltage and current at the output terminal of the PV inverter 
box (Vpcc, Ipcc) were monitored for 02 minutes and 40 seconds. One snapshot with 10
6
 samples 
(nearly 49 cycles) was recorded every 40 seconds, which results in 05 snapshots for each 
combination of inductance + PV power injection. Then, 49 frequency spectra were obtained 
for each snapshot by applying Discrete Fourier Transform to 49 consecutive time windows 
with 1 60 Hz cycle each. The dominant (largest) high-frequency component (which is around 
20 kHz) of voltage and current measurements was collected. The average of the resulting data 
points (total of 145 data points for each measurement) is presented in Figure 5.8. This figure 
reveals that, as the grid impedance increases, the dominant HFD voltage and HFD current at 
the point of common coupling between the inverter and the grid outlet (i.e., HFD of signals 
Vpcc and Ipcc) change significantly. The HFD voltage at the AC-side of the inverter bridge (i.e., 
HFD of signal Vpwm) remains nearly unchanged, regardless of the inductance L between the 
inverter and the outlet, and regardless of the power injected by the PV inverter. 
More specifically, the obtained results reveal that, while the background impedance 
changes cause significant variations in the distortions of Vpcc and Ipcc (variations of more than 
75% with respect to the base scenario – L = 0 mH), the HFD found in Vpwm remains 
reasonably constant, with changes below 10%. Such small variation is likely caused by the 
slight operating condition changes of the device. In summary, the results show clearly that the 
HFD of Vpwm is not affected by the HFD of Vpcc. As such, all assumptions and considerations 
presented in the theoretical part of this section 5.1 are valid and the HFD of Vpwm can be 
modeled by using a voltage source. 
   
Figure 5.7: Schematic circuit for verification of proposed HFD model. 
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(a) HFD found in Vpwm (voltage at AC-side of the PWM inverter bridge) 
 
(b) HFD found in Vpcc (voltage at the PCC between PV inverter and the grid) 
 
(c) HFD found in Ipcc (current at the PCC between PV inverter and the grid) 
Figure 5.8: Average magnitude of dominant HFD component (20 kHz) for different 
inductance values connected between the PV inverter box and the grid outlet, and for 
different PV inverter powers. 
 
It is also important to highlight that the magnitude of HFDs shown in Figure 5.8 has 
remained constant for output powers of the PV inverter varying between 0.5 and 1.5 kW (i.e., 
from 33% to 100% of the inverter rating). This reveals these power injection variations have 
not caused significant changes on the DC-side voltage of the inverter (Vdc) and on operating 
characteristics of the PWM inverter bridge (such as the modulation index), which are the 
parameters that determine the magnitude of the HFDs emitted by the PV inverter. As a 
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consequence of this finding, the magnitudes of HFDs found in Vpwm are likely to remain 
nearly constant during most of the daytime, as long as the PV power injection remains larger 
than 1/3 of its capacity. On the other hand, the magnitude of HFDs found in Vpcc and in the 
current that penetrates into the network (Ipcc) still depend on the characteristic of grid-side 
parameters. A detailed investigation of how HFDs encountered in Ipcc propagate into the 
network is provided in section 4.6 of this thesis (at device level and at house level) and in the 
following section (at distribution system level). 
This verification study has also been carried out for HFD components around 40 kHz 
and similar results were obtained (i.e., the HFD found in Vpwm around 40 kHz follows a 
voltage source characteristic). Studies were not conducted for HFDs above 40 kHz because 
the grid equivalent impedance increases with the frequency and the magnitude of the HFDs 
found in Vpcc and Ipcc at these higher frequencies becomes negligible. 
5.2 Penetration to Power Distribution Networks 
In this section, the proposed circuit model is adopted to investigate the propagation 
characteristics of HFD to primary distribution networks. This study is performed by means of 
simulation because it was not possible to measure HFD at the high voltage side of the utility 
transformer during the course of this research. 
5.2.1 Objective and Network Components Models 
The main objective of this investigation is to study the portion of HFD that can reach 
the primary and secondary distribution systems. This was analyzed through simulation studies 
performed in the circuits shown in Figure 5.9. They consist of one single-phase and one three-
phase simplified distribution systems. One can notice that, to facilitate the studies, only one 
single-phase HFD injection is considered since the main goal here is to identify the 
propagation characteristics of HFD into distribution networks, rather than to study the 
interaction among multiple HFD signals. 
The HFD propagation assessment performed in this section is carried out in the 
OpenDSS software [58], for frequencies between 10 and 100 kHz (in 10 kHz steps). The 
OpenDSS is an open source simulation tool, developed by the Electric Power Research 
Institute (EPRI) that can perform steady-state simulations such as power flow at any 
frequency (fundamental frequency, low order harmonics and high frequencies) and short-
circuit calculations. It is specifically designed for distribution system applications. 
The simplified systems shown in Figure 5.9 consist of four main components: 
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(a) single-phase circuit 
 
(b) three-phase circuit 
Figure 5.9: Distribution systems to study HFD penetration into primary networks. 
 
Primary System 
The primary system was represented as an equivalent impedance. No voltage source 
was placed on this portion of the system because the customer was assumed to be the only 
source of high frequency distortions. The impedance Zth_prim is determined to meet a three-
phase short circuit level equal to 150 MVA (at 60 Hz) at the primary side of the service 
transformer. 
 
Service Transformer 
Transformer impedance characteristics at the HFD range can be significantly different 
from those at low frequencies [59]. It is, therefore, essential to establish a proper HFD 
transformer model first. One single-phase and one three-phase transformers are employed in 
Equivalent HFD source 
at service panel
Secondary 
system
Transformer
Primary 
system
Zth_prim Zself
Zself
VHFD
LHFD
CHFDZmutual
Equivalent HFD source 
at service panel
Secondary 
system
Transformer
Primary 
system
Zth_prim Zself
Zself
VHFD
LHFD
CHFD
Zth_prim
Zth_prim
Zmutual
109 
 
this study. With respect to the single-phase transformer, measurements have been conducted 
in a real 10 kVA single-phase, 14.4 kV/0.24 kV/0.12 kV service transformer with a center tap 
on the low voltage (LV) side. A Techtronix AFG3022B function generator, connected to an 
AE Techron 7224P linear amplifier, was used to produce the high-frequency signals injected 
into the transformer. The short-circuit impedance seen from the low voltage side of the 
transformer, between phase and neutral, is shown in Figure 5.10(a). Based on measurement 
results, the equivalent Y matrix of the transformer was derived and combined with the Y 
matrix of the remaining circuit components which are described in the following paragraphs. 
The three-phase transformer is a 75 kVA, 11.4 kV/0.22 kV, three-phase unit with delta 
(HV winding)-grounded wye (LV winding) connection. This is a typical three-phase service 
transformer and its impedance characteristic between 10 kHz and 100 kHz is assumed to be 
the one presented in Figure 5.10(b) [59]. This transformer is modeled in the OpenDSS 
software as shown in the Appendix D. 
 
(a) single-phase transformer 
 
(b) three-phase transformer 
Figure 5.10: Phase-to-neutral, short-circuit impedance of the two studied transformers 
seen from their low voltage side. 
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Secondary System 
The conductors of secondary systems can be of various materials and cross-section 
areas, but a typical one is the 1/0 AWG aluminum conductor. A single-phase, three-wire and a 
three-phase, four-wire circuit with the same 1/0 AWG aluminum conductors are considered in 
the current study. One single-phase and one three-phase line geometry typically employed in 
practical systems are designed in the software OpenDSS [58], where the impedance 
parameters are calculated by using the line constants routine [60]. The conductor parameters 
and line geometries employed in the simulations are provided in the OpenDSS software 
format in the Appendix D. Although, in practice, the distance between customer and service 
transformer is widely diverse a typical value for this distance is 50 m. This is less than 5% of 
the wavelength of signals with frequencies up to 100 kHz and, because of this, the lumped 
parameters of the line are adopted in the studies. 
 
Service Panel 
The HFD source is placed at one phase of a customer service panel. It consists of an 
ideal voltage source (VHFD) and an LC front-end filter (series inductance on the voltage source 
side and shunt capacitance on the grid side). The HFD source parameters are outlined in Table 
5.2, and they were chosen in order to obtain a 20 kHz current similar to the PV inverter 
currents measured in Chapter 4. They are kept unchanged for all frequencies (from 10 kHz to 
100 kHz) so that the effect of network impedance on HFD propagation can be highlighted. 
Table 5.2: Parameters of HFD source for analysis of HFD propagation. 
System type Parameter Value 
Single-phase 
VHFD 0.20 V 
LHFD 4.0 mH 
CHFD 3.3 μF 
Three-phase 
VHFD 25.0 V 
LHFD 4.0 mH 
CHFD 3.3 μF 
 
5.2.2 Propagation Results 
Figure 5.11 and Figure 5.12 present the resulting HFD voltage and current levels 
calculated at three key locations of both distribution systems shown in Figure 5.9. These 
locations are the house service panel, the transformer low voltage (LV) side, and the 
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transformer high voltage (HV) side. Figure 5.11 presents results for the single-phase system 
whereas Figure 5.12 presents results for the three-phase system. 
 
(a) HFD voltage 
 
(b) HFD current 
Figure 5.11: Propagation of HFD voltage and current on single-phase systems. 
 
Obtained results outline that the HFD voltage undergoes a significant drop between 
the service panel and the utility transformer: in the single-phase system, the voltage drop 
varies between 50% and 80% of the service panel voltage for the different frequencies; 
whereas in the three-phase system, the voltage drop varies between 20% and 60% of the 
service panel voltage for the different frequencies. Another significant voltage drop is 
observed across the transformer. As a result, the HFD voltage measured at the primary side 
becomes less than 0.01% of the rated primary voltage in both the single-phase and the three-
phase systems. This voltage division mechanism can be understood once the equivalent 
network impedance is split in three segments as follows: 
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(a) HFD voltage 
 
(b) HFD current 
Figure 5.12: Propagation of HFD voltage and current on three-phase systems. 
 
  spxfmrprimspsystemsp IZZZIZV  sec  (5.3) 
 
where Zsystem is the total equivalent impedance of the network seen from the house service 
panel, which represents the addition of Zprim (primary system impedance), Zxfmr (transformer 
impedance) and Zsec (secondary system impedance), all referred to the secondary network 
side. Vsp and Isp are the service panel HFD voltage and current, respectively. For the studied 
network, the impedance division is depicted in Figure 5.13. It is clear that the secondary 
system and the service transformer play a major role in limiting HFD propagation, whereas 
the primary system impedance is negligible. As such, the impact of HFD emission will be 
small in the primary system. 
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(a) single-phase system 
 
(b) three-phase system 
Figure 5.13: Percentage distribution of impedances on the studied networks. 
 
Furthermore, the current magnitude at the HFD under study in the primary network is 
also negligible. This is due to the ideal transformer effect (the HV side current is lower than 
LV side current, following the turns ratio of the transformer). 
Figure 5.11(b) and Figure 5.12(b) also outline that the magnitude of high frequency 
current injected into the grid decreases significantly as the frequency increases. This is 
expected, as the grid impedance has a mainly inductive characteristic and, therefore, increases 
with the frequency. This characteristic, which has also been observed in the house 
measurements presented previously in Chapter 4, reveals that HFD emission and propagation 
are likely to become less significant as the frequency increases. 
Although the percentage division of voltage drops along the circuit may change for 
different transformers and secondary systems, under all conditions, the HFD propagation to 
primary systems is likely to be very limited. 
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5.3 Summary 
This chapter has presented a circuit model that represents the behavior of high 
frequency distortions emitted by PV generators. This circuit model was employed in 
simulation studies to determine the characteristics of HFD propagation from a service panel to 
the primary distribution networks. The main findings are summarized as follows: 
 A high frequency distortion emitted from a PV inverter can be modeled as a voltage 
source behind the filter circuit, that is, a Thévenin circuit as shown in Figure 5.14. 
This model has been verified through simulation studies and laboratory experiments; 
 
Figure 5.14: Circuit model of high frequency waveform distortion sources. 
 
 The model is significantly different from that of the low-frequency harmonic sources 
which are typically in the form of harmonic current sources. As a result, the HFD 
impact on voltage is significantly less in comparison to the low-frequency harmonic 
situation, as the injected current is greatly limited by the grid impedance (which is 
mostly inductive) and voltage is affected through a voltage division relationship in the 
HFD case. These are some of the reasons why HFD emitters have not yet caused 
noticeable problems to power systems; 
 Due to the voltage division effect, HFD voltage drops significantly from service panel 
to service transformer (the voltage drop varies between 20% and 60% of the service 
panel voltage for the different frequencies). Another significant voltage drop is 
observed due to the impedance of service transformer. As a result, the HFD voltage 
seen at the primary system becomes less than 0.01% of the rated primary voltage. For 
practical purposes, the HFD voltage in the primary system is negligible; 
 A negligible amount of HFD current is injected into the primary network due to the 
current transformation effort of the service transformer. 
Zpv(f)
Vpv(f)
PCC
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6 CONCLUSIONS 
This thesis has investigated two modern power quality concerns: the increased risk of 
stray voltage related incidents and the increased emission of high frequency waveform 
distortions. The main contributions of this research can be summarized as follows: 
 
Stray Voltage Source Detection: 
A passive, measurement-based, method to determine the contributors to a customer’s 
neutral-to-earth voltage (the main cause of stray voltage incidents) has been developed. The 
advantages of the proposed technique are threefold. Firstly, the test can be performed without 
switching off any load and, therefore, without causing inconvenience to the customer. This 
feature also makes the method suitable for long term monitoring of NEV conditions. 
Secondly, the obtained results can be employed to monitor the grounding conditions of the 
system involved, such as broken neutral and poor customer grounding. Thirdly, the method 
does not require measuring neutral voltages and, therefore, the difficult task of establishing a 
voltage reference point is eliminated.  
The method decouples the NEV rise into two factors, one is related to the customer 
loads and the other is related to the supply system or neighboring loads. This decoupling is 
made possible through the proposed current return ratio K concept. In addition to decouple 
ground current contributions, the current return ratio can measure the quality of grounding 
conditions, as it only depends on circuit and grounding impedances. A simple measurement 
based method has been developed to determine the current return ratio. 
The proposed NEV source identification method and the current return ratio 
measurement method have been verified successfully through extensive simulation studies 
and field measurements. Sensitivity studies have also been conducted to determine the impact 
of various factors on the performance of the method. The main findings were: 
 The contribution factors can identify the operation condition caused NEV rise 
problems; 
 The current return ratio can help diagnose grounding condition caused NEV rise 
problems; 
 An effective NEV troubleshooting strategy can be developed by a combined use of the 
two indices (contribution factor and current return ratio). 
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The proposed method can be implemented in smart meters, for system-wide NEV 
monitoring. This can help utilities to continuously map NEV conditions of their network for 
preventive and corrective maintenance. 
 
Characterization of High Frequency Waveform Distortions 
Regarding the high frequency waveform distortions, this research has presented a 
detailed investigation on the characteristics of HFD injected by modern efficient devices. 
Through analytical studies, computer simulations, laboratory experiments, and field 
measurements, HFD emissions and their propagation in distributions systems were 
characterized. Furthermore, an equivalent circuit model was proposed, validated, and 
subsequently used to analyze some of the phenomena associated with HFD. The main 
findings of this research can be summarized as follows: 
 A HFD emission device behaves like a voltage source (which represents the PWM 
converter operation) plus an internal impedance. As a result, its power quality impact 
is significantly different from those of low frequency harmonic sources which behave 
like harmonic current sources; 
 HFD distortions emitted by multiple devices operating together are unlikely to 
experience harmonic cancellation, because different HFD emitters generate HFDs at 
different frequencies; 
 Two main factors limit the propagation of HFD distortions into the distribution 
networks. Firstly, the HFD voltages are attenuated due to the voltage division 
characteristics and the high impedances of service transformers and secondary 
distribution lines. Secondly, the front-end filter of a HFD device is designed to filter 
the HFD produced by the device. However, it was found that this filter can also sink 
HFDs generated by other devices in the circuit.  
The characterization provided in this HFD research is not exhaustive. Instead, it is 
intended to form a foundation for further research in the subject and, ultimately, to determine 
whether this disturbance has the potential to become a serious concern in modern distribution 
networks. 
6.1 Future Work 
The following list provides potential research lines for continuing this work: 
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 Expand the stray voltage source detection method to investigate the overall grounding 
integrity of the entire secondary distribution system, of a service transformer and of 
the primary distribution system; 
 Investigate and verify the applicability of the stray voltage source detection method in 
two-phase, three-wire customers connected to three-phase, four-wire circuits; 
 Investigate whether the stray voltage source detection method can be applied to 
systems with different grounding practices. In Brazil, for instance, the standard NBR 
5410 [61] establishes a series of different grounding techniques and the proposed 
method might not be directly applicable to all of them. Thus, one can investigate 
improvements in the proposed method to make it applicable to a larger number of 
grounding techniques; 
 Develop a measurement based method for determining the impedance characteristic of 
the front-end filters of modern power electronic based devices, as this impedance 
cannot be easily obtained through a simple inspection of the circuit of the device. This 
characteristic is important to investigate whether these filters can cause resonance in 
the distribution systems; 
 The circuit model proposed in this thesis for PV generators at high frequencies reveals 
that these devices contain a front-end low-pass filter, which has the potential to affect 
the frequency response characteristic of the distribution systems. The filter effect is 
more significant in the frequency range studied in this thesis (tens of kHz) because the 
impact of filter capacitances becomes more pronounced. Therefore, it is important to 
investigate the impact of PV generators and of other nonlinear residential loads that 
have a voltage source + filter characteristic at high frequencies. It is important to 
perform this analysis not only at a single house level but at the secondary system and 
at the primary system level; 
 Investigate the impact of the front-end passive filters found in modern power 
electronic based devices in low order harmonics. If these filters present a capacitive 
characteristic at low order harmonics (frequencies below 3 kHz), they may also create 
resonances at these frequencies. And such low frequency resonances are more 
problematic because the distribution system actually contains distortions in this 
frequency range, which can excite such resonances; 
 Investigate the characteristics of high frequency distortions emitted through other 
mechanisms different from the front-end converter switching, such as HFD emitted by 
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load-end converter switching or high frequency notching. It is important to identify 
which HFD characteristics depend on their generation mechanism and which do not 
depend on it. 
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APPENDIX A CURRENT RETURN RATIO FOR GENERIC SYSTEM 
To demonstrate the K relationship for a multi-customer circuit, a generic secondary 
network is presented in Figure A.1. Matrix [Z]equivalent represents the equivalent impedance of 
the utility grid and other neighbor customers. Vph_A and Vph_B are the voltage sources of the 
energized phases, while Vneutral is the voltage source of the neutral circuit. 
 
 
Figure A.1: Generic network to demonstrate the K relationship. 
 
According to nodal voltage theory, the current flows of a network such as the one 
presented in Figure A.1, can be derived from the network nodal voltage: 
 
 TNBnN VVVVV 21V  (A.1) 
 
where NB is the number of nodes in the network. As the transformer is modeled by its 
admittance matrix, the circuit is linear, composed solely by independent voltage sources and 
impedances. 
From the network presented in Figure A.1, the neutral current (flowing between points 
N and n) and the ground current (flowing from point n towards the ground) can be written as a 
function of the nodal voltages as in (A.2) and (A.3). 
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  nung IIVgI   (A.3) 
 
As the impedance between points N and n is zn, the neutral current may be written as: 
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The ground current is proportional to the grounding impedance RG and can be 
determined as in (A.5). 
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By isolating Vn in (A.5) and substituting it in (A.4), the resulting equation is 
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Voltage VN can be further divided into a contribution from the external site (named 
Vext) and another contribution from the secondary network (Vsec) proportional to Ig, since it 
returns to the external site through the ground return path. Therefore, VN may be written as in 
(A.7), where A is a constant determined by neutral circuit impedances. 
 
gextextN IAVVVV  sec  (A.7) 
 
By substituting (A.7) in (A.6), the neutral current can be determined as: 
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Finally, if (A.3) is substituted into (A.8), a relation between neutral current In and 
customer unbalanced current Iu may be derived as follows 
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nencneun IIIIKI   (A.11) 
 
In (A.11), K is the current return ratio, Inc is the contribution of the customer to In and 
Ine represents the external contribution to In. 
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APPENDIX B CURRENT RETURN RATIO CALCULATED AT LOW 
ORDER HARMONIC FREQUENCIES 
This appendix presents results regarding the calculation of the current return ratio for 
low order harmonics. 
Current measurements were collected at 60 Hz (fundamental), 180 Hz (3
rd
 harmonic) 
and 300 Hz (5
th
 harmonic), for 24 hours, in a sample customer. The percentage of 3
rd
 and 5
th
 
harmonic current found in this customer are shown in Figure B.1 for the unbalanced current 
(Iu = Ia+Ib), in Figure B.2 for the neutral current (In) and in Figure B.3 for the ground current 
(Ig = Ia+Ib–In). One can observe that the amount of 3
rd
 and 5
th
 harmonic currents is significant. 
The K ratio obtained for the three frequencies is presented in Figure B.4, where one can 
observe that the magnitude of the K ratio is similar for the fundamental frequency and for the 
low order harmonics. This is because K depends on the impedances of the grounding system, 
which are mostly resistive and, as such, are roughly constant at these studied frequencies. 
This result suggests that the K ratio obtained for the 60Hz current can be sufficient for 
estimating the contributions of the low order harmonics as well. 
 
 
Figure B.1: Ratio between unbalanced current at low order harmonics and unbalanced 
current at 60 Hz. 
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Figure B.2: Ratio between neutral current at low order harmonics and neutral current 
at 60 Hz. 
 
Figure B.3: Ratio between ground current at low order harmonics and ground current 
at 60 Hz. 
 
 
Figure B.4: Current return ratio at fundamental frequency, 3
rd
 and 5
th
 harmonic. 
129 
 
APPENDIX C PARAMETERS OF DISTRIBUTION SYSTEM 
EMPLOYED FOR NEV ANALYSIS 
The parameters of the circuit shown in Figure C.1 and employed in the sensitivity 
studies presented in Chapter 3 are provided in this appendix. The supply system consists of a 
25 kV voltage source with a grounding resistance of 0.15 Ω. The primary feeder consists of 
54 identical primary system branches and 54 grounding points. The grounding resistances 
(Rgn) are 15 Ω and the impedance of each primary system branch (between two grounding 
points) is: 
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Figure C.1: Schematic circuit to study NEV rise. 
 
The service transformer is connected to the middle of the primary feeder and the 
transformer grounding impedance is one of the grounding points of the primary feeder 
(RT = Rgn = 15 Ω). The service transformer is connected between phase A and neutral, it is 
rated at 37.5 kVA, 14.4 kV on the primary side and at 0.12/0.24 kV on the secondary side. 
The equivalent admittance matrix of this transformer is: 
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The impedance between the secondary side of the service transformer and the point of 
common coupling of all residences is: 
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where zp and zn are self-impedances of the phase and neutral conductors, respectively; zp-p is 
the mutual impedance between two phases; and zp-n is the mutual impedance between phase 
and neutral conductors. 
The impedance between the point of common coupling of all residences and the 
customer under study is: 
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The impedance between the point of common coupling of all residences and the 
external customer is: 
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The grounding impedances of both customers (RG1 and RG2) is 1 Ω. 
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APPENDIX D HIGH FREQUENCY OF DISTRIBUTION SYSTEM 
COMPONENTS IN OPENDSS 
This appendix provides the OpenDSS code to model two distribution system 
components. First, the model of a three-phase, 75 kVA, 11.4/0.22 kV transformer with delta 
connection on the high voltage side and grounded wye connection on the low voltage side is 
presented. The model, which is adapted from [59], is implemented as follows: 
 
! service transformer 
 
!********* PHASE A ********** 
New Transformer.phaseA  phases=1 windings=2  XHL=0.001 ppm_antifloat=0 
~ wdg=1 bus=barra_prim.1.4   conn=wye kV=11.4 kva=25.0 %r=0.001 
~ wdg=2 bus=barra_sec.1.4 conn=wye kV=0.127 kva=25.0 %r=0.001 
 
! magnetizing branch 
new reactor.Zm_a phases=1 bus1=barra_prim.1.4 Rp=10000000 R=0 LmH=975000 
 
! leakage branch 
new reactor.Zleakage_a phases=1 bus1=barra_inf.1 bus2=barra_prim.1 R=171.11 LmH=1000 
 
! resonant branch on LV side 
new reactor.RL_a phases=1 bus1=barra_sec.1 bus2=barra_fim.1 Rp=40 R=0 LmH=0.080 
new capacitor.C_a phases=1 bus1=barra_sec.1 bus2=barra_fim.1 cmatrix="1.5" 
 
! parasitic capacitances 
new capacitor.C1_a phases=1 bus1=barra_inf.1 cmatrix="0.00017" 
new capacitor.C2_a phases=1 bus1=barra_fim.1 cmatrix="0.00058" 
new capacitor.C3_a_1 phases=1 bus1=barra_inf.1 bus2=barra_fim.1 cmatrix="0.00013" 
new capacitor.C3_a_2 phases=1 bus1=barra_prim.4 bus2=barra_sec.4 cmatrix="0.00013" 
new capacitor.C3_a_3 phases=1 bus1=barra_inf.1 bus2=barra_sec.4 cmatrix="0.00013" 
new capacitor.C4_a phases=1 bus1=barra_inf.1 bus2=barra_prim.4 cmatrix="0.00054" 
new capacitor.C5_a phases=1 bus1=barra_fim.1 bus2=barra_sec.4 cmatrix="0.00150" 
 
! jumpers 
new reactor.jumper_ab phases=1 bus1=barra_prim.4 bus2=barra_inf.2 R=0 X=0.0001 
 
 
!********* PHASE B ********** 
New Transformer.phaseB  phases=1 windings=2  XHL=0.001 ppm_antifloat=0 
~ wdg=1 bus=barra_prim.2.5   conn=wye kV=11.4 kva=25.0 %r=0.001 
~ wdg=2 bus=barra_sec.2.4 conn=wye kV=0.127 kva=25.0 %r=0.001 
 
! magnetizing branch 
new reactor.Zm_b phases=1 bus1=barra_prim.2.5 Rp=10000000 R=0 LmH=975000 
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! leakage branch 
new reactor.Zleakage_b phases=1 bus1=barra_inf.2 bus2=barra_prim.2 R=171.11 LmH=1000 
 
! resonant branch on LV side 
new reactor.RL_b phases=1 bus1=barra_sec.2 bus2=barra_fim.2 Rp=40 R=0 LmH=0.080 
new capacitor.C_b phases=1 bus1=barra_sec.2 bus2=barra_fim.2 cmatrix="1.5" 
 
! parasitic capacitances 
new capacitor.C1_b phases=1 bus1=barra_inf.2 cmatrix="0.00017" 
new capacitor.C2_b phases=1 bus1=barra_fim.2 cmatrix="0.00058" 
new capacitor.C3_b_1 phases=1 bus1=barra_inf.2 bus2=barra_fim.2 cmatrix="0.00013" 
new capacitor.C3_b_2 phases=1 bus1=barra_prim.5 bus2=barra_sec.4 cmatrix="0.00013" 
new capacitor.C3_b_3 phases=1 bus1=barra_inf.2 bus2=barra_sec.4 cmatrix="0.00013" 
new capacitor.C4_b phases=1 bus1=barra_inf.2 bus2=barra_prim.5 cmatrix="0.00054" 
new capacitor.C5_b phases=1 bus1=barra_fim.2 bus2=barra_sec.4 cmatrix="0.00150" 
 
! jumpers 
new reactor.jumper_bc phases=1 bus1=barra_prim.5 bus2=barra_inf.3 R=0 X=0.0001 
 
 
!********* PHASE C ********** 
New Transformer.phaseC  phases=1 windings=2  XHL=0.001 ppm_antifloat=0 
~ wdg=1 bus=barra_prim.3.6   conn=wye kV=11.4 kva=25.0 %r=0.001 
~ wdg=2 bus=barra_sec.3.4 conn=wye kV=0.127 kva=25.0 %r=0.001 
 
! magnetizing branch 
new reactor.Zm_c phases=1 bus1=barra_prim.3.6 Rp=10000000 R=0 LmH=975000 
 
! leakage branch 
new reactor.Zleakage_c phases=1 bus1=barra_inf.3 bus2=barra_prim.3 R=171.11 LmH=1000 
 
! resonant branch on LV side 
new reactor.RL_c phases=1 bus1=barra_sec.3 bus2=barra_fim.3 Rp=40 R=0 LmH=0.080 
new capacitor.C_c phases=1 bus1=barra_sec.3 bus2=barra_fim.3 cmatrix="1.5" 
 
! parasitic capacitances 
new capacitor.C1_c phases=1 bus1=barra_inf.3 cmatrix="0.00017" 
new capacitor.C2_c phases=1 bus1=barra_fim.3 cmatrix="0.00058" 
new capacitor.C3_c_1 phases=1 bus1=barra_inf.3 bus2=barra_fim.3 cmatrix="0.00013" 
new capacitor.C3_c_2 phases=1 bus1=barra_prim.6 bus2=barra_sec.4 cmatrix="0.00013" 
new capacitor.C3_c_3 phases=1 bus1=barra_inf.3 bus2=barra_sec.4 cmatrix="0.00013" 
new capacitor.C4_c phases=1 bus1=barra_inf.3 bus2=barra_prim.6 cmatrix="0.00054" 
new capacitor.C5_c phases=1 bus1=barra_fim.3 bus2=barra_sec.4 cmatrix="0.00150" 
 
! jumpers 
new reactor.jumper_ca phases=1 bus1=barra_prim.6 bus2=barra_inf.1 R=0 X=0.0001 
 
! parasitic capacitance from neutral-to-earth 
new capacitor.C2_n phases=1 bus1=barra_sec.4 cmatrix="0.00058" 
new reactor.jumper_secondary phases=1 bus1=barra_sec.4 bus2=barra_fim.4 R=0 X=0.0001 
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A single-phase center-tapped transformer is also employed in the propagation studies. 
The high frequency response of this single-phase transformer was obtained through field 
measurements and, in the simulation studies of this thesis, these measurements are employed 
to develop the equivalent admittance matrix of the transformer. The propagation studies can 
then be run by combining the transformer admittance matrix with the equivalent admittance 
matrix of the remaining elements of the circuit (secondary system, primary system and 
equivalent HFD source). 
The model of the secondary system conductors in single-phase, three-wire and in 
three-phase, four-wire circuits can be implemented in the OpenDSS format as follows: 
 
! wire data for 1/0AWG Aluminum cable 
 
New WireData.CA-1/0AWG-1kV Rdc=0.5387 Runits=km GMRac=0.38376 GMRunits=cm Radunits=cm 
 ~ NormAmps=125.0 Diam=0.936 
 
! line geometry of single-phase, three-wire system 
New LineGeometry.SEC-Tradicional-CA-1_0AWG-1kV-CA-1_0AWG-1kV-CA-1_0AWG-1kV Nconds=3  
 ~ Cond=1 Wire=CA-1/0AWG-1kV X=0.0 H=880.0 Units=cm  
 ~ Cond=2 Wire=CA-1/0AWG-1kV X=0.0 H=860.0 Units=cm  
 ~ Cond=3 Wire=CA-1/0AWG-1kV X=0.0 H=840.0 Units=cm  
 ~  Reduce=n 
 
! line geometry of three-phase, four-wire system 
New LineGeometry.SEC-Tradicional-CA-1_0AWG-1kV-CA-1_0AWG-1kV-CA-1_0AWG-1kV-CA-1_0AWG-1kV 
 ~ Nconds=4 Nphases=4  
 ~ Cond=1 Wire=CA-1/0AWG-1kV X=0.0 H=880.0 Units=cm  
 ~ Cond=2 Wire=CA-1/0AWG-1kV X=0.0 H=860.0 Units=cm  
 ~ Cond=3 Wire=CA-1/0AWG-1kV X=0.0 H=840.0 Units=cm  
 ~ Cond=4 Wire=CA-1/0AWG-1kV X=0.0 H=820.0 Units=cm  
 ~ Reduce=n 
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